INSTITUTE NOTES. 
OcroserR, 1941. 


Roll of Bonour. 


The Council deeply regrets to have to record the loss 
of the following member, who has made the supreme 
sacrifice whilst serving in His Majesty’s Forces :— 

Flight-Lieutenant G. L. R.A.F. 
(Associate Member) 
Killed on active service, June 22nd, 1941. 


PRISONER OF WAR. 


Lieut. R. H. 8S. Haypon (Associate Member) has been reported as 
Prisoner of War in Germany. 


AWARDS. 


Flying-Officer R. A. CutsHoitm, R.A.F. (Student) has been awarded 
the Distinguished Flying Cross for destroying two Heinkel 111’s 
on a night in March, 1941, and for showing the greatest keenness 
and determination in seeking and destroying the enemy. 


MEMBERS SERVING WITH H.M. FORCES 


The Institute has received notification of the following members 
serving with H.M. Forces. This list is additional to the liste pub- 
lished in the Institute Notes of October and December, 1940. 


J. G. Annan, Jr., Capt., R.A.8.C. 
G. K. Beaumont, R.A.F. 

. Bond, Lt.-Col., R.A.S.C. 
. T. Bradford, Wing. Cdr., R.A.F. 
. Cameron, Lieut., R.E. 

. Clark, Major, R.A.O.C. 

. Deller, R.A.F. 

. Driver, R.A. 
ckman, Lieut., S.A. Army. 

. Hannah, Pilot ‘Officer, R.A.F. 
. Harris, R.A.F. 

. Heish, R.A. 

. Hitt, Capt., R.E. 
Jeffreys, R.AC. 

. Leitch, Capt., R.A.S.C. 
. Paul, Major, R.A.S.C. 

. Peacock, R.A.8.C. 
Priestley, R.A.A.F. 

Robson, R.E. 

. R. Smith, Flying Officer, R.A.F. 
. Tiratsoo, R.A.F. 
Waele, Lieut., R.E. 
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ii INSTITUTE NOTES. 


INSTITUTE SCHOLARSHIP. 


An Institute Scholarship, of the value of £40, has been awarded 
to E. B. Turner, Stud.Inst.Pet. (Royal School of Mines). 


STUDENT’S MEDAL AND PRIZE. 


The Student’s Medal and Prize for the Session 1940-41 has been 
awarded to J. G. Perks (Birmingham University) for an essay on 
“Deep Well Surveying.” F. W. Longbottom (Birmingham Uni- 
versity) was awarded a prize for an essay on “High Octane Fuels.” 

Ten essays were submitted for the Prize, and the referees reported 
that all of them reached a very high standard. 


BURGESS PRIZE. 


A Burgess Prize to the value of £5 has been divided between 
A. K. Davis and V. D. Daft, both of Birmingham University. 


ANNUAL REVIEWS OF PETROLEUM TECHNOLOGY, 
Vou. 6. 


A copy of Vol. 6 of the Annual Reviews of Petroleum Technology 
is posted with this Journal to all members of the Institute entitled 
to receive the Journal, and to current Journal subscribers. The 
Journal was not issued in August and September, 1941. Monthly 
publication is resumed with the present issue. , 

A limited number of Vols. 3 to 5 of the Annual Reviews are 
available at the Institute offices (price 5s. 6d. per vol. to members). 
Vols. 1 and 2 of the Annual Reviews are now out of stock. 


NEW MEMBERS. 


The following elections have been made by the Council in accord- 
ance with the By-Laws, Sect. IV, para. 7. 
Elections are subject to confirmation in accordance with the 


By-Laws, Sect. IV, paras. 9 and 10. 
As Fellow. 

Bonn, Douglas Harry ... ove pee England. 

Transferred to Fellow. 


Rudolph England. 
As Member. 
Kronsten, Joseph Alexander vom England 
Lerrcn, James Morton ose om atk 
Transferred to Associate Member. 
Trratsoo, Eric Neshan vos oe ow ews England. 
As Students. 
Basxrn, Leon A. ses England 
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CANDIDATES FOR ADMISSION. 


The following have applied for admission to the Institute or 
transfer to another grade of membership, and in accordance with 
the By-laws the proposals will not be considered until the lapse of 
at least one month subsequent to the issue of this Journal, during 
which any Fellow, Member or Associate Member may communicate 
by letter to the Secretary, for the confidential information of the 
Council, any particulars he may possess respecting the qualifications 
or suitability of any candidate. 

The object of this information is to assist the Council in grading 
candidates according to the class of membership. 

The names of the candidate’s proposer and seconder are given in 
parentheses. 


Batzey, Darrel Guy Fallen, Student, R.S.M. (S. Coomber ; G. D. Hobson.) 


Brown, Thomas, Ph.D., Research Chemist, Trinidad Leaseholds, Ltd. 
(A. W. Nash; T. G. Hunter.) (Application for transfer from Student 
Member.) 


Cantor, Joseph, B.Sc., A.R.C.S., A.I.C., Chemist, Shell Refining & Marketing 
Co. (J. 8. Jackson ; J. Parrish.) 


Cowtss, Richard Edwin, Analytical Chemist, N.S.W. Govt. Railways. 
(O. Colverd ; S. A. G. Priestley.) 


DartTNALL, Herbert James Ambrose, A. = Officer, Ministry of 
Aircraft Production. (J. S. Jackson ; M. E. Beaven.) 


Don, John Smart Aikman, C.A. (Edin.), poesia Lobitos Oilfields, Ltd. 
(J. S. Parker ; D. M. Glendinning.) 


Forrest, Archibald John, Major, R.A., Director, British Viscoleum Fuels, 
Ltd., Liverpool. (J. S. Parker ; D. M. Glendinning.) 

Grsson, Harold, Chemical Engineer, Foster Wheeler, Ltd. (R. K. Fischer ; 
A. 8. Bridgewater.) 

Larpitaw, Ian Grant, Chief Drilling Engineer, Trinidad Leaseholds, Ltd. 
(Ff. H. L. Tindall ; H. Thomas.) 

LINNARD, rare Chief Laboratory Assistant, Texas Oil Co., Ltd. (N. L. 
Anfilogoff ; R. F. Hurt.) 

Morean, Ralph Victor, Technical Assistant Aviation Dept. Asiatic Petroleum 
Co. (#. LeQ. Herbert ; D. A. Yonge.) 


Morten, Chemical Engineer, Shell Refining & Marketing Co. (J. 8S. 
Jackson ; J. Parrish.) é' 


Morton, Frank, Ph.D., F.I.C., Research Chemist, Trinidad Leaseholds, Ltd. 
(A. G. V. Berry ; B. G. Banks.) 


Sueprparp, George, D.Sc., F.R.G.S., Survey Directorate, G.H.Q., Home 
Forces. (C. Dalley ; R. R. Tweed.) 


Sutets, Leo Osmonde, Representative, Caltex (Aust.), Ltd. (A. R. Code ; 
H. B. Borwick.) 


Edward Trinidad Leaseholds, Ltd. 


de VERTEvIL, Louis Rene, Assistant Gas Engineer, A (Trinidad) Oilfields, 
Ltd. (A. H. Richard ; G. H. Scott.) (Application for tranafer from Student 


ARTHUR W. EASTLAKE, 
Honorary Secretary. 


Member.) 
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INSTITUTE NOTES. 


BRANCH NOTES. 
TRINIDAD BRANCH. 


Dr. Gustav Egloff addressed a well-attended meeting of the 
Trinidad Branch at Point-a-Pierre, Trinidad, on May 8th, 1941. 


After referring to previous occasions on which he had addressed 
the Institute’s Branches in Rumania and elsewhere, Dr. Egloff 
dealt at length with petroleum’s contribution to the war effort of 
the Allies and U.S.A. He first contrasted the position in Germany 
and German-occupied countries, where various methods of freeing 
gasoline for military service were enforced. According to his latest 
information, 14,000 motor vehicles had been converted to wood- 
burning, and the Germans had planned to produce 40,000 wood- 
burning vehicles. Compressed gases in steel cylinders were also 
being distributed through filling stations. 


Referring to aeroplane developments Dr. Egloff stated that one 
model had just come off the lines in U.S.A. with a cruising range 
of 8000 miles and a bomb load of 18 tons. Although U.S.A. was 
then producing 35,000 barrels of 100-octane gasoline per day, 
research was rapidly proceeding to produce new hydrocarbons with 
50 per cent. greater power output than 100-octane fuel. Petroleum 
would also supplement the supplies of toluene from coal carboniza- 
tion. Toluene supplied could, in fact, easily be increased ten-fold, 
if the need were there. Phenols and formaldehyde from petroleum 
were also providing the raw materials for plastics used in aeroplane 
construction. The petroleum industry had no bottle-necks, and 


materials for peace and war-time requirements were available in 
any quantity. 

“Our aim,” concluded Dr. Egloff, “is one of unity and co- 
operation ; so that those who come after us may enjoy the privileges 
of freedom that we have enjoyed up to the present time under the 
democratic way of life.’ 


Dreittinc Mup: Irs MANUFACTURE AND Testinc.” By P. 
Evans and A. Reid. (lst edn., 1936; reprinted January, 1940; 
263 pp.) 

The Institute has now received a further consignment of this 
book, reprinted by the Mining, Geological, and Metallurgical Insti- 
tute of India. 

Copies are obtainable from the Birmingham office at 2ls., or 
$4.25 per copy (including postage). 
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SOIL CLASSIFICATION AND ITS BEARING ON 
SOIL STABILIZATION.* 


By A. H. D. Marxwior. 


SumMarRY. 


Soils be “‘ stabilized ’’ or converted into suitably hard and durable 
materials for road and runway construction in various ways. Economic 
stabilization is, however, restricted to certain types of soil, and the choice of 
the best method of stabilization depends on the character of the scil. This 
is governed by the size, shape, and nature of the constituent mineral particles. 
Soil classification tests give a measure of these ies, either directly, as in 
by determining the particle-size distribution, or in- 

eghich are besed on the fact that the emount of 


ible by the addition of clay, gravel, or other soils to bring the 
grading 0 the soil within prescribed limits, other binders are not essential, 
modified or in which the clay is unsuitable, suitable stabilizing 
such as bituminous ao Pentland cement, or other materials,, must be 
added. Suitable bituminous binders include cut-back bitumen, ** road oil,’’ 
bitumen emulsion, or tar. 
eavy clays the advantages of using the soil as a 
by the heavy cost of the large amounts 
large amounts of sand and sto 


t of stabilization is the type that has so far been most extensively 
in the U.S.A. 


INTRODUCTION, 


In recent years considerable progress has been made in the use of 
“ stabilized soil ’’ for constructing aerodrome runways and low-cost roads. 
By using soil from the site as the principal constituent in the stabilization 
process the transport of aggregate and hard core to the site is largely 
avoided—frequently a matter of great moment, especially when the area 
to be constructed is large and time is limited. 

The widely differing nature of soils affects their suitability for use in 
the various stabilization processes. A classification that is able to show 
what soils can be economically used in any particular method of stabiliza- 
tion is therefore of great value. It is proposed in this paper to consider 
the standard classification tests in their bearing on soil stabilization. 


Nature or Sot. 


From the engineering point of view the term “ soil’”’ is ied: to all 
superficial deposits derived from the natural disintegration of the rock- 
crust of the earth. It therefore includes a wide range of materials com- 
See from gravel and shingle on the 


ted at a meeting of the Asphaltic Bitumen Group of the Institute 
be Landon on 18th March, Crown copyright reserved. 
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one hand to plastic clay on the other. When organic material is associated 
with the mineral particles, as in peat, it may have a great effect on the 
nature and behaviour of the soil. In general, the type of the soil is deter- 
mined by the size, shape, and nature of its mineral particles, but the 
properties, in particular the consistence, of any given soil depend almost 
entirely on its moisture content. 


Constitution of Clay Particles. 


The chemical composition of the coarser particles of a soil is of minor 
practical concern, but the character of the clay particles has an important 
influence on the properties of the soil. Only within the last few years 
has it been possible, by means of X-ray analysis,” * to establish the nature 
and structure of these particles. They belong to a class of complex 
silicates in which the constituent atoms are arranged in alternate sheets 
to form a crystal lattice, giving a plate-like structure. The minerals 
occurring in clays belong to three main groups: the kaolin (china clay) 
group, the montmorillonite group, and the mica group, the latter being 
relatively unimportant. The principal mineral constituents of ordinary 
clays in temperate climates belong to the montmorillonite group. Although 
the chemical composition of these constituents may vary widely, variations 
normally occurring in this country do not affect the properties of the soil 
sufficiently greatly to warrant direct account of them being taken in 
present-day methods of classifying soils (see Fig. 2). 

The relatively large surface area of the very fine, platy, crystalline 
particles of which clays are composed causes their properties to differ 
essentially from those of a powder mixed with water. The montmorillonite 
type is characterized in addition by a remarkable increase in the basal 
spacing of its crystal lattice from 10 A. to 20 A. (1 A. = 10-7 mm.), accord- 
ing to the moisture content. Clays thus possess the nature of both a 
jelly and a crystalline substance. 

The effect of the chemical nature of the clay particles on the behaviour 
of soils has recently been studied in the U.S.A.* It has been found that 
soils with silica/sesquioxide (Si0,/R,O, *) ratios exceeding 2, indicating 
the presence of the montmorillonite group, tend to have greater volume 
changes than soils with ratios less than 2, and that this is reflected in the 
behaviour of stabilized soil roads. In tropical countries lateritic soils 
having a low silica/sesquioxide ratio are common, and they expand much 
less than the types of clay usual in this country. 
Particle Size. 

The wide range of particle-size distribution found in soils is indicated 
in Fig. 1, where the logarithmic scale covers a range of particle size of 
50,000 to 1. Even this does not include the lower limit of size, which 
is probably below 0-1 u.f Although very fine, these particles are by no 
means of molecular size, for 0-1 u is equal to 1,000 A., whilst the spacing 
of the crystal lattice is between 10 A. and 20 A. The dotted curve in 
Fig. 1, showing the grading of a typical Portland cement, gives an idea 
of the fineness of the clays. 


R,0, = Al,O, +- Fe,0;. 


T 1 wor 1 micron = 0-001 mm. 
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‘CLassiFicaTIon oF 
Classification Tests. 

_ Classification tests meet the need for a more definite method of identify- 

ing soils than is possible by visual inspection. The results are quantita- 

tive, and independent of the personal factor. In addition to their value 

in soil classification, the tests provide information necessary in the design 

of certain types of stabilized soil mixtures. 

The tests are of two types: (1) mechanical analysis, a combination of 
sieving and sedimentation used to determine directly the size distribution 
of the soil particles; and (2) index tests (confined to that portion of the 
soil passing a 36-mesh B.S. sieve), by means of which the soil type can 
be inferred from known relationships between moisture content, con- 
sistence, and particle fineness. The classification tests commonly used, 
many of which have been standardized by the American Society for 
Testing Materials, include :— 


(1) Mechanical analysis :— 
(a) Pipette method, 
(6) Hydrometer method (A.8.T.M. D422-39). 


(2) Index tests :— 
(a) Liquid limit (A.S.T.M. D423-39), 
(6) Plastic limit (A.S.T.M. D424-39), 
(c) Centrifuge moisture equivalent (A.8.T.M. D425-39), 
(d) Field moisture equivalent (A.S.T.M. D426-39), 
(e) Shrinkage limit. 

All these tests give, directly or indirectly, some measure of the size 
distribution, shape, and nature of the soil particles which have been 
shown to govern the nature of a soil. They take no account, however, 
of soil structure, i.e., of the arrangement and closeness of packing of the 
soil particles, since that structure is destroyed in making the tests. This 
is immaterial from the standpoint of soil stabilization, which is only 
concerned with mixed soils in which the original structure plays no part. 


Description of Tests. 

Soil classification tests are described in detail in textbooks on soil 
mechanics,* 5 but since they may be unfamiliar to petroleum technolo- 
gists, a brief description will be given of the three most important tests— 
the mechanical analysis and the determination of the liquid and plastic 
limits of a soil. 

(1) Mechanical Analysis—The mechanical analysis of a soil is made 
by a combined sieving and sedimentation method. In the method 
employed at the Road Research Laboratory 100 gm. of the soil are heated 
to about 60° C. with hydrogen peroxide (to remove organic matter), and 
then with hydrochloric acid (to remove carbonates and gypsum). After 
the soil has been washed on a Buchner funnel with hot distilled water 
and dried, 10_gm. of the dry pretreated soil are thoroughly dispersed in 
500 ml. of N /100 sodium oxalate solution (used as a deflocculating agent) 
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by stirring for 15 min. in a high-speed electrical machine. The dispersed 
soil particles are then passed over a 200-mesh B.S. sieve, and the liquid 
and solid materials passing the sieve are examined by a sedimentation 
rocess. 

. The dispersing liquid with the suspended particles is shaken up in a 
large boiling-tube, which is placed in a constant-temperature bath to 
allow the particles to settle. Particles of different size have different 
settling velocities in accordance with Stokes’ Law, from which, when the 
velocity is measured, the size can be computed on the assumption that 
the particles are spherical in shape. After a given time from the initial 
shaking, samples taken from a given depth below the surface will contain 
only those particles the velocities of which have been insufficient to carry 
them further. The samples, taken in a pipette of known volume, are 
evaporated to dryness, and the weight of the residue is determined. By 
doing this at various time intervals from the start, the percentage of 
particles of various sizes can be found. The method is employed for 
particle sizes down to 1 » (10° mm.), but would probably give satis- 
factory results for even smaller sizes. This method, due originally to 
Andreasen, has been described in more detail elsewhere. 

In the alternative A.S.T.M. method (D422-39) the concentration of 
soil particles in suspension is determined by means of a standard hydro- 
meter. Both methods have been found at the Road Research Laboratory 7 
to give the same results when the tests are carefully done, The pipette 
method is more precise, but the hydrometer method is more readily 
adaptable to field-laboratory conditions. 

(2) Liquid Limit.—The liquid limit is that moisture content at which 
soil will just begin to flow when lightly jarred 25 times on standard 
apparatus. A standard groove is cut with a special tool in a pat of soil 
placed in a cup of standard design. The cup is caused to fall a measured 
number of times through a height of lcm. The groove is carefully watched, 
and the number of blows is noted at the instant when the groove is closed 
over a length of } in. A sample of this soil is taken and its moisture 
content determined. The soil is allowed to dry out somewhat and the 
procedure is repeated. From the results, the number of blows is plotted 
against the moisture content of the soil and the moisture content corre- 
sponding to 25 blows is read off from the graph. 

(3) Plastic Limit.—The plastic limit is the lowest moisture content at 
which a thread of soil can be rolled down without breaking until it is 
only } in. in diameter. The thread is rolled by hand on a piece of plate- 
glass, the heat of the body being sufficient to expel moisture at a fairly 
constant rate until the plastic limit is reached. 

The difference between the liquid and plastic limits is termed “‘ plasticity 
index.”” It gives a measure of the fineness of the soil, and may vary from 
as much as 80 for a highly plastic soil to zero for a coarse or fine sand. 


Significance of Tests. 

The physical meaning of mechanical analysis is obvious, but to ascertain 
the physical significance of the other classification tests, which are of a 
purely ad hoc character, it is necessary to correlate the results with some 
appropriate physical characteristic of the soil. Reference to Table I 
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shows that, with the exception of the shrinkage limit, the test values vary 
in the same order as the corresponding curves in Fig. 1. This suggests 
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that these tests give a measure of the fineness of the soil particles. More 
detail is shown in Fig. 2, where the liquid and plastic limits of numerous 
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British soils tested at the Laboratory have been plotted against the per- 
centage of material in each that is finer than 2 p (the “ clay ” content of 
the soil as defined by the International Society for Soil Science). The 
relationship between clay content and liquid limit, shown by the mean 
line drawn through the points in Fig. 2, is not true for all types of soil. 
Kaolin, soils of high organic content, and soils containing a high percentage 
of mica show a widely different relationship. For practical purposes, 
however, the liquid limit may be said to give a measure of the fineness 
of the soil. The other tests show a similar relationship, but the matter 
has not been investigated in detail. 

The relation of the natural moisture content of the soil to its liquid 
and plastic limits also gives a measure of the consistence of the soil. This 
can be conveniently expressed by the relation 


Natural moisture content—Plastic limit 


= Liquid limit—Plastio limit 


Taste I. 


Index Properties of Typical Soils. 


limit. moisture moisture 
equivalent. | equivalent. 
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* Waterlogged. 
Soil Classifications. 

The various systems adopted for classifying soils on the basis of the 
tests described have been designed principally from the point of view of 
the suitability of the soil for road foundations, earthworks, or the con- 
struction of earthdams. No classification has yet been developed primarily 
from the standpoint of stabilization, although free use has been made of 
the various standard tests in particular processes. 

Soils may be classified according to texture (particle size distribution) 
on the basis of the results of mechanical analysis. For this purpose 
names may conveniently be assigned to the fractions of soil according to 
particle size. Two such schemes are as follows :— 


Size of particle (mm.). 


U.S. Bureau of Soils, | Society for 


>2 

2-0-25 
0-25-0-05 
0-05-0-005 
Colloids in clay . <0-001 


‘ 
Ref. no. Field Centrifu Olay 
Plastic Shrinkage 
of soil content 
(Fig. 1). limit. limit. 
2 24 53 29 “4 47 
3 19 34 15 13 20 
Fra cti on $$$ 
7 >2 
2-0-2 
0-2-0-02 
0-02-0-002 
<0-002 
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‘For the purposes of classification a soil is assumed to consist of only 
sand, silt, and clay, and soil types are defined according to the relative 
proportions of these constituents present. A list of soil types, drawn up 
on this basis, was originally developed by the U.S. Public Roads Adminis, 
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tration,* and is shown on the triangular chart in Fig. 3. The type to 
which any soil belongs can be ascertained by plotting on the chart the 
results of the mechanical analysis. 

Other methods of classification have also been adopted on the basis of 
the mechanical analysis of soil. In the Kendorco system,‘ which has 
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been applied in the construction of earth dams, the mechanical analysis 
chart is divided into parallel zones according to particle size. The type 
to which any soil belongs is determined by the zone in which its mechanical 
analysis curve happens to lie. 

Another important classification scheme is that sponsored by the U.S. 
Public Roads Administration, in which use is made of both mechanical 
analysis and the index tests. Soils are divided into eight groups, each of 
which has a characteristic behaviour as a road foundation. The exact 
methods by which a soil is assigned to any group are described in text- 
books,* ® and a convenient chart has been prepared for identifying the 
group to which a soil belongs.*® 

The following description of the groups in the U.S. Public Roads Adminis- 
tration classification has been abbreviated from published work of Hogen- 


togler :—* 1° 
Group A-1.—Well-graded material, coarse and fine; excellent 


binder. 

Group A-2.—Coarse and fine materials, improper grading or inferior 
binder. 

Growp A-3.—Coarse material oniy, no binder: e¢.g., cohesionless 
sands. 

Group A-4.—Silt soils without coarse materials and with no appre- 
ciable amount of sticky colloidal clay. 

Group A-5.—Similar to Group A-4, but furnishes highly elastic 
supporting surfaces with appreciable rebound on removal of load, 
even when dry. 

Group A-6.—Clay soils without coarse material. 

Group A-7.—Similar to Group A-6, but at certain moisture con- 
tents deforms quickly under load and rebounds appreciably on 
removal of loads, as do subgrades of Group A-5. 

Group A-8.—Very soft peat and muck. 


The experience of the Road Research Laboratory is that all these methods 
of soil classification are useful within their respective limits. The general 
nature of most soils, however, is revealed by the liquid and plastic limits 
or by mechanical analysis, and, except in research, further elaboration 
of classification tests does not seem warranted. More detailed informa- 
tion on the suitability of any soil for a particular use is best sought by 
tests directly related to that use. For example, direct determinations on 
mixed material may be made of the water absorption and stability of 
bitumen emulsion-stabilized soils and of the water absorption and resist- 
ance to frost of soil-cement mixtures. Again, in the more general sphere 
of soil mechanics direct determinations of the various mechanical properties 
are made on “ undisturbed” samples of soil. The primary function of 
classification tests is to give a general indication of the properties of a soil 
with the minimum of effort, and this function is fulfilled by the tests 
described. 
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ITS BEARING ON SOIL STABILIZATION. 


Appiicatton To Som Srasitization. 
Principles of Stabilienti 

Before the application of classification tests to soil stabilization is 
considered, the principles of stabilization and the processes adopted will 
be briefly surveyed. The term “ stabilization ” is applied in general to 
processes for converting natural soil on the site into a hard and durable 
constructional material. Non-cohesive soils—eg., sands—require some 
form of binder to give them the necessary stability. Cohesive soils, on 
the other hand, are hard when sufficiently dry, and in theory stabilization 
is assured if a reasonably low moisture content is maintained at all seasons 
of the year. The paramount importance of excluding water when cohesive 
soils are used is therefore obvious. 

Since stabilized soil is in general a weaker material than other types 
of road surfacing, efficient drainage, especially of the subsoil, is even more 
vital than with stronger surfacings. For surface drainage much greater 
camber is desirable than that normally provided on bituminous roads; 
1 : 24 or 1: 30 has been recommended, but these cambers are sometimes 
exceeded. An “A” profile is often preferred to the circular or parabolic 
cambers usual in this country. It is also frequently advisable to seal the 
surface or, with cohesive soils, to waterproof the surfacing material itself. 
Infiltration of water may also be prevented by imparting permanent 
cohesion to a soil with a suitable binder. 


Types of Stabilization. 
The principal types of soil stabilization used in constructing roads and 
runways are as follows :— 
1. Graded Soil Mixtures (mechanical stabilization). 
(a) Without admixture of other materials. 
(6) With the addition of water-retentive materials :— 
i. chemicals (e.g., sodium or calcium chloride). 
ii. industrial waste products (e.g., molasses). 
2. Mixtures with Special Stabilizing Agents. 
(a) Bituminous binders :— 
i. bitumen, including “‘ road oils.” 
ii. cut-back bitumen. 
iii. bitumen emulsion. 
iv. tar. 

(6) Portland or other cements, or lime. 

(c) Certain indusirisl waste products such as resinified molasses, 
sulphite liquor or lignin liquor (neutralized sulphite liquor) from 
the wood-pulp industry. 

3. Heat Treatment. 


The choice of any particular process for the construction of 
is governed largely by the nature of the soil and by the funds a 


for construction. If the grading can be brought within certain prescribed 
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limits, the compacted materials will have good stability without the 
addition of any special stabilizing agent, and the first group of processes 
may be used. If, however, the grading of the soil is deficient in either 
fine or coarse material, that deficiency must be made good by adding 
either granular materials to enable the graded-soil process to be used, or 
suitable binders such as bituminous materials or Portland cement, as in 
the second type of process. In this case, too, it is not unusual to improve 
the grading of the soil by adding coarse material. 
_ The cheapest form of construction is a graded mixture constructed with 
the best local materials, For heavier service more care is needed with 
the choice and grading of materials, and some form of bituminous sur- 
facing is generally desirable. Short lengths of experimental road of the 
soil-cement type built at the Road Research Laboratory indicate that in 
the British climate surface treatment is almost essential. 

In a wet climate such as that of Great Britain it is advisable to seal a 
stabilized road surface, but this is not done abroad on the cheaper types 
of road, and is unnecessary on mixtures of the sand—bitumen or sand-tar 


Some indication of the extent to which the various processes are used 
in the U.S.A., where the greatest development in the construction of 
stabilized roads has taken place, is given in a recent survey.’ Replies 
sent by forty-seven state highway departments to a questionnaire showed 
that 14,365 miles of stabilized soil road had been constructed during the 
years 1925-1939. The percentage mileage constructed according to each 
process was as follows :— 


Graded Soil Mixtures. 
(a) Without admixture of other materials . - 594 
(6) With admixture of water-retentive chemicals 13-4 


Miztures with Special Stabilizing Agents. 
(a) Asphaltic . é . 193 


(c) Portland cement ‘ 


Total . . 100-0 


These figures do not include data from municipalities, counties, private 
concerns, or aerodromes, and are therefore not completely representative, 
but they show the important position occupied in the U.S.A. by the 
graded-soil type of stabilization. 


General Suitability of Soil for Stabilization, 

Relatively few soils in their natural state are suitable for stabilization. 
Soils containing large percentages of very fine particles cannot be success- 
fully processed by present methods unless coarse material is first added. 
Mixes containing a large amount of — 200-mesh material become so sticky 
when wetted that they are difficult to combine with the stabilizing agent. 


‘ 
‘ 
| 
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In addition, they tend to crack badly on drying out unless coarse or fine 
aggregate is added, As a general rule a soil to be used in the natural 
state must not contain more than 50 per cent. of material passing the 
200-mesh. A large proportion of material finer than 2 » contained in a 
soil is also detrimental: for this reason heavy clays are quite unsuitable 
for existing stabilization processes except possibly heat treatment. 

By using the soil tests described the proportion of very fine material 
contained in any soil can be estimated. An excess of such material is 
readily detected by determining the liquid limit of the soil, which should 
not exceed 40 or 45. Hogentogler has stated this in another way by 
describing soils of the A-5 to A-8 groups as unsuitable for surface or base 
courses. The presence of undesirable micaceous substances and of peaty 
and other organic materials causing detrimental sponginess and capillarity 
is indicated by liquid limits greater than those given by the expression :— 


LL = 16 PI+ 14 
where LL = Liquid Limit 
PI = Plasticity Index 
Graded Soil Mixtures. 

During the last ten years considerable improvements have been made 
in the U.S.A. in the construction of earth roads by controlling the grading 
of the soil constituents. This type of road has evolved from the “ dirt 
road ” into a form closely allied to the water-bound macadam road and 
of the nature of a soil concrete. In graded soil roads, however, a much 
wider range of grading is permitted, and where money is limited great 
stress is laid on the use of local materials, even of relatively poor quality. 

The two principal types of graded soil road are the sand-clay type and 
the coarse-graded type, of which the gravel-sand-clay type is an example. 
The choice of type is governed entirely by the local materials available. 
Specifications for both these types of road have been published by the 
American Association of State Highway Officials (M—61-38) and (M-56-38). 
Limits of grading are specified for the soil coarser than 200-mesh, and the 
maximum liquid limit and the permitted range of plasticity index are 
specified for the soil binder. Fig. 4 summarizes these specification require- 
ments in semi-graphical form. The binder specified is’ soil having a low 
but measurable plasticity index; this is said to be preferable to absolutely 
non-plastic soils of comparable grading and decidedly superior to materials 
with an appreciably higher plasticity index. The specification for base 
courses. intended to be sealed differs from the requirements for a plain 
surfacing. The reason is that when the surface of the road is sealed, 
evaporation is prevented, and capillary moisture will tend to accumulate 
in the base course. A soil binder having a low plasticity index is there- 
fore recommended, and in the coarse-graded types less soil binder is per- 
mitted.11 12 Tests made by the U.S. Public Roads Administration have 
shown that for normal soils the limits of grading specified should give 
good results. 

Comparison of Figs. 1 and 4 indicates that to obtain gradings approach- 
ing those specified it is in general necessary to mix two or more soils or 
to import aggregates. Processing is usually done by either mix-in-place 
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or plant-mix methods. Various types of roller are used, starting with 
sheepsfoot rollers and finishing with ordinary smooth rollers. i 
portant requirement is that the moisture content of the mix 
maintained near the optimum for maximum compaction, so 
material can be consolidated to its maximum density, 

In appearance, the finished surface resembles a water-bound road, 
except that the aggregate is less evident. A bituminous surfacing is oftep 
laid over the stabilized soil. 

Where no protective surfacing is employed, and where the road may 
be exposed to hot, dry weather, water-retentive chemicals, such as com- 
mon salt and calcium chloride, have been used in both the construction 
and the maintenance of the graded-mix type of road surface and base 
course. The use of these chemicals does not in any way obviate the 
necessity for controlling the grading and the plasticity index of the con- 
stituent materials. Deliqueseent salts, however, through their water- 
retentive properties, tend to preserve a uniform moisture content that is 
beneficial in (1) assisting compaction during and after construction, 
(2) retarding abrasion of the surfacing, and (3) lessening or preventing 
destructive ravelling while the surfacings and base courses are exposed to 
traffic without a protective coa 

Recent tests * have also shown that the presence of 1 per cent. 
more of calcium chloride or sodium chloride increases the resistance of 


the surfacing to damage by frost. 


Use of Stabilizing Agents. 

The stability of ety mixes depends on both the interlocking of the 
coarse particles and the cohesion of the clay binder, When the soil is 
deficient in either of these constituents, that deficiency must be made 
good according to the principles already outlined. In fine-grained soils, 
stabilizing agents maintain the necessary cohesion both directly and by 
preventing water from entering the soil; in non-cohesive soils, however, 
the stabilizing agent functions solely as a binder. 

(1) Bituminous Materials.—Bitumen is used in soil stabilization in two 
main forms; as an emulsion and as a light cut-back or a “ road-oil”’. 
Tar has also been used to a smaller degree, but it must be remembered 
that in the U.S.A., where these processes have been most developed, 
bitumen is cheaper and more abundant than tar. 

Much has been written on various methods of using bituminous materials 
for soil stabilization, but it is possible in this paper to deal with the ques- 
tion only very briefly. Cohesive and non-cohesive soils will be considered 
separately. Considerable quantities of water must be added to a cohesive 
soil to obtain a consistence suitable for mixing. All this water has to be 
evaporated before the soil can be compacted under the roller. In the 
British Isles this means that the construction season for practical purposes 
is confined to the period from about April to the beginning of August. A 
big step forward would be made if it were found possible to obtain efficient 
mixing with pulverized soils. To non-cohesive soils no water need be 
added, and the presence of soil moisture is not deleterious, since it is 
readily squeezed out when the sand-mix is rolled. When the methed of 
stabilization has been chosen, soil tests are used chiefly to define more 
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closely than was done above the type of soil suitable for a given procéss 
and to permit the percentage of stabilizing binder required to be estimated. 
For example, McKesson ™ states that soils suitable for stabilization with 
bitumen emulsion should contain at least 5 per cent. of clay finer than 
1 » and a minimum of 20 per cent. of material passing the 200-mesh sieve. 
The object of this provision is to ensure a cohesive soil. McKesson has 
also given the following empirical formula for the amount of emulsion 
required :— 
S = K(0-05a + 0-16 + 0-35c) 
where S = percentage of stabilizer required, 
a = percentage of material passing a No. 200-mesh sieve and coarser 
than 5 yy, - 
6 = percentage of material finer than 5 u and coarser than 1 p, 
c = percentage of soil finer than 1 yp, 
K =a constant for any particular type of soil and equal to 1 for 
most soils. 


It will be seen that where large percentages of fine material are present, 
correspondingly large percentages of stabilizer are required. It therefore 
becomes economical to add sand and coarse aggregate to the mix to reduce 
the proportion of fine material. The same remarks apply to soils stabilized 
with “road oils” and cut-backs. -W. K. Beckham ™ states, however, 
that it is possible to stabilize soils containing as much as 45 per cent. of 
material finer than 50 », when rapid-curing cut-back is used. Formule 
similar to that given above have been suggested for determining the 
percentage of stabilizer required for construction with asphaltic bitumen 
binders : one such formula *° is 


P = 0-02a + 0-0456 + 0-20¢ 


where P = per cent. by weight of binder in total mix, 
a = percentage of soil passing a 1-in. and retained on a 7-mesh B.S. 
sieve, 
b = percentage of soil passing 7-mesh and retained on 200-mesh 
B.S. sieves, 


c = percentage of soil passing a 200-mesh B.S. sieve. 


The amount of cut-back bitumen recommended is 25 per cent. more 
than that of road oil, to allow for the evaporation of the light solvent. 
For wind-blown sands this formula is stated to give too high a proportion 
of binder, and the following alternative is suggested :— 


P = 0-03a + 0-046 + 0-12c 


A formula of similar type for wind-blown sands suggested by Tilley 17 
permits of slight adjustment in the binder content, according to the type 
of filler and the amount of volatile solvent present in the cut-back bitumen. 
It also allows for variations in the specific gravity of the soil aggregate. 

(2) Portland Cement.—Catton 1*® has classified soils for soil-cement 
stabilization into four groups. The first three showed very marked 
hardening, marked hardening, and substantial hardening respectively on 
treatment with cement. The fourth group comprised bad soils of limited 
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occurrence. Group 1 contained predominantly sandy soils of the A2, A3, 
and A5 ¢lasses, Group 2 silty soils from the A4 and A7-4 classes, and Group 3 
clayey soils of the A5, A6, and A6~7 classes. Soils belonging to the first 
two groups were found to have liquid limits below 50, plasticity indexes 
below 25, and clay contents below 35 per cent. This classification of 
course gives only a general guide to the suitability of soils for cement 
stabilization, and in a particular case it is advisable to test actual samples. 

The soil and cement are generally mixed when the materials are dry 
and powdery, and only sufficient water is added to obtain optimum moisture 
content for proper compaction. 


CoNCLUSION. 


The soil classification tests described have been in general use for over 
ten years, and have now been adopted as standard by the American 
Society for Testing Materials. The tests enable a tolerably satisfactory 
classification of soils to be made. In soil stabilization their pri 
function is to give a general indication of the nature of the soil and of 
its suitability for the construction of stabilized roads and runways. This 
function is satisfactorily fulfilled. 

The tests are of especial value in stabilization of the graded-soil type, 
where the whole design of the mixtures is based upon them. When, 
however, admixtures of special stabilizers (e.g., bituminous materials, 
Portland cement) are used, the mixtures are designed on the basis of 
tests on the mixed materials which are outside the scope of this paper. 
The classification tests, however, still furnish a preliminary guide as to 
the suitability of the soil, and the amount of binder is usually estimated 
on the basis of the mechanical analysis of the material. 

In preparing this paper an attempt has been made to view the wide 
field of soil stabilization as a whole. It is of great importance to select 
a particular process only after consideration of all the available methods. 
Bituminous stabilization must therefore be regarded as only one of a 
number of possible processes, but whatever process is selected for the 
base, a bituminous surfacing is likely to add considerably to its useful 
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THE USE OF BITUMEN IN SOIL STABILIZATION.* 
By H. Gampwer, B.Se., A.L.0. 


Summary. 


For the purpose of this paper soil stabilization is defined as a for 
ah the the pre- 
paration of the foundation of tracks for wheeled traffic. 

The load- ing capacity of a soil varies with its and water- 
content, and all soils exhibit an optimum relation to 
bearing capacity. useful water-content range of a soil is that range of 
water-contents over which the load-bearing capacity is adequate for the 


purpose in view. 
In a consolidated soil the water is the binding agent, and a soil of suitable 


tentative specification for grading has be arrived at experimentally, 
and the grading of the original soil is modified, if necessary, by the addition 
of the appropriate fine or coarse ma’ 


The stabili must be highly hydrophobic, show no tendenoy. to 
the soil particles and so displace the water film, ac contig: in ee 
to resist displacement by capillary forces after distributh be stable 
to inclement weather conditions and age. 


applied to the stabilized foundation for the Kise purpose preventi 
attrition and the undue evaporation of water re 


Som stabilization, in one form or another, has been with us ever since 
it was found necessary to improve tracks in order that they might the 
better fulfil their required function. In recent’ years, however, the term 
has acquired a somewhat specialized meaning, which becomes clear when 
the many processes to which the term is applied are examined. The 
stabilizer used may vary greatly as between different processes. Materials 
as different as molasses, asphaltic bitumen, and calcium chloride are in 
use. The common factor in all processes, however, is that the stabilized 
soil consists essentially of that present originally on the site. The use 
of the term is restricted to processes in which added material, of whatever 
type, is present in minimum quantity. 

Experience of the process has been somewhat varied in the past. All 
familiar with the subject will recall instances where results have not fulfilled 
expectations. On the other hand, particularly in the U.S.A., there is no 
lack of evidence that when approached on sound lines, soil stabilization 
is yet another valuable process available to the road engineer. 

Failures in the past have, it is believed, been due to many causes, 
prominent among which is a lack of appreciation of the true functions 
of the stabilizer. 

Water, too much or too little of it, has usually been the primary de- 
structive factor. It is, of course, impossible in practice to remove water 
completely, so as to coat the soil particles, and it becomes expedient to 
use the binding properties of the water and to take steps to ensure that the 
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water content is kept within desirable limits. Attempts to use other 
cementing agents involve numerous difficulties. Hydrophobic binders 
at once introduce the difficulty of wetting soil particles already wet with 
water. Assuming that the water can be displaced in useful degree, the 
effective coating of finely graded aggregates involves the use of uneconom- 
ically large quantities of binder. Hence it would appear that processes 
based on the use of small quantities of binder are foredoomed to failure 
if the incidence of water is a real hazard. 

The process that is the subject of this paper constitutes, it is believed, 
a new approach to soil stabilization. It recognizes that the elements of 
bearing capacity are grading and water content. For any particular soil, 
water content and bearing capacity are interdependent, and the soil is 
stabilized when changes in water content are prevented or at least minimized. 

In order to define the scope of the paper, soil stabilization will be regarded 
as a process for the improvement of the load-bearing capacity of the founda- 
tions of tracks designed to take wheeled traffic, with the reservations that 
the stabilized layer shall consist largely of the original soil and that the 
stabilizer shall not act in a cementive capacity. 

Load-bearing capacity may be defined as the ability of a surface to 
support a load without permanent displacement. Every surface suffers 
displacement when under load, the displacement varying with the load, 
increasing until a point is reached where shear takes place if the load-bearing 
capacity of the surface is inadequate. For small loads the surface may be 
considered to be elastic, so that recovery is complete. At larger loads a 
certain amount of permanent displacement occurs and the disruptive 
tendencies of successive loadings become cumulative. To the disruptive 
tendencies of traffic impact must be added the effects of attrition. Thus 
an efficient track comprises a layer competent to withstand attrition and a 
sub-layer able to absorb, without sensible damage, the transmitted load, 
and in its turn to transmit the load to the sub-soil within the supporting 
power of the latter. The relative importance of these two layers depends 
on many factors. In the construction of aerodrome runways the low traffic 
concentration and economic considerations focus attention on the foundation. 
Wearing carpets are not called upon to perform a very exacting duty, but 
any deficiencies consequent upon economies in the construction of the 
wearing carpet serve to emphasize the importance of the foundation. 
The very large areas involved in aerodrome construction are adequate 
reason for economy on an area basis, and any process which enables the 
work to be carried out without the importation of large quantities of 
reinforcing material for the foundation is to be welcomed. The process 
to be described is claimed to be such an one. 

At the present time aerodrome construction is a major preoccupation, 
but the application of the process is not limited. The same principle may 
be applied to the construction of road foundations. The difference between 
road and runway construction may lie in the nature of the wearing carpet. 
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The subject will be dealt with under the following headings : Theoretical 
considerations, preliminary laboratory work, a discussion of some aspects 
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of the behaviour of different soils and the description of a large scale trial 
of the process. 
THEORETICAL CONSIDERATIONS. 


It is well known that the load-bearing capacity of a finely graded system 
varies with the water content, and that there is an optimum water content 
for load-bearing capacity. Water is able to function as the reinforcing 
agent in such a system by virtue of surface-tension forces exerted by the 
water films between contiguous particles, and it is easy to understand that 
the total cohesive strength may vary with the water film thickness and, 
therefore, in a particular system, with the total water content. These 
cohesive forces alone are insufficient to provide adequate bearing strength, 
but if the shape and grading of the particles are suitable, the frictional 
resistance and the cohesive forces combine to give a bearing strength 

adequate for a particular need. 


oil 
rains, 
iY Particles. 
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In stabilizing a sub-soil, therefore, the principal design characteristics 
are grading and water content. Laboratory work will determine the 
optima of these variables. 

Having decided on a satisfactory grading and determined the water- 
content range over which the load-bearing capacity is adequate, the whole 
object of soil stabilization, according to our ideas, is to devise a means of 
maintaining the water content within this range. 

Water has access to a site not only by virtue of the rain which falls on 
it, but also by virtue of water which rises from below under the influence 
of capillary forces. The former may be excluded by the provision of a 
waterproof seal-coat and the appropriate elevational fall. The latter 
may be controlled by the blocking of the interstices of the stabilized layer. 
This is the function of the stabilizing oil. Therefore, the production of an 
oil with the desired characteristics constitutes the major problem. 

In considering the distribution of an oil throughout a system of mineral 
particles, three different conditions are possible relative to the actual 
position taken up by the oil. 

In A, Fig. 1, the oil has not wetted the soil particles, but is present 


| 
( 
LM ff, | 


as plugs obstructing the pore spaces, and leaving the water-film unchanged. 
This is the ideal case. 

In B, the oil has partly wetted the soil grains, with some disturbance 
of the water-film. Such a system is presumably unstable. Once the 
displacement of the water-film isstarted, further changes from the conditions 
constituting equilibriam may be towards the further displacement of 
water and consequent loss of cohesion. 

© represents the limiting system in which the oil, by displacing the sur- 
face water-film completely, has coated the particles. Here the interstices 
are merely reduced in size, and since the water-film has been totally removed, 
its cohesive effect is eliminated. Such conditions are desirable if the 
stabilizer used is a cement, but in this case very large quantities of cement 
are required, particularly as, with the class of materials used, high cementing 
power and high viscosity are usually concommitant properties. A case 
in point is that of a mastic. 

The desirable characteristics of the stabilizer may therefore be enumerated 
as follows :— 


1. The oil should be highly hydrophobic. 

2. The oil should not be able to displace the surface water film 
and so partly or completely coat the soil-grains. 

3. It should be capable of uniform distribution throughout the cold 
soil mixture by means of commercially available equipment. 

If its viscosity at ordinary temperature is too high to ensure uniform 
distribution, it should require a minimum of heating to reduce the 
viscosity to within workable limits. 


4. When in position in the interstices, it should acquire the 
rigidity necessary to stay in position despite forces, such as capillary 
pressure, tending to displace it. 

5. The stabilizer should be stable to the effects of weather, soil 
bacteria, frost, and age. 


It must suffice now to record that such an oil has been produced and has 
shown itself to be a satisfactory stabilizer. 


LABORATORY Work. 


Grading. The elements of the load-bearing capacity of a soil are: 
(1) Cohesion, (2) Internal friction. 

Cohesion comprises the attractive forces exerted by contiguous soil 
particles and apparent cohesion due to capillary forces in the interstices. 
Both factors are manifest as resistance to displacement when the soil is 
subject to a load. 

In general, the coarser fragments, larger than 0-05 mm., develop great 
internal friction, whilst it is the particles smaller than 0-005 mm., clay 
particles, which contribute cohesion. Since the magnitude of the capillary 
forces, or rather their effect on the frictional resistance, depends on the size 
of the pore spaces, the fine particles, of size between 0-05 and 0-005 mm. 
have an important part to play. 

Now, investigatory work has shown that if, of the passing 10-mesh 
particles (soil mortar) 20-30 per cent. is smaller than 200-mesh, and if 
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at least 60 per cent. of the passing 200-mesh is smaller than 50 y, the soil 
will show a useful load-bearing capacity over the water-content range 
of approximately 5-12 per cent. 

The term “ useful load ” requires some amplification. It must always 
be interpreted in the light of the demands to be made on the surface. In 
the investigation which led to this process it was assumed that the minimum 
load-bearing capacity should be 20 kgms./om:*, or approximately 
284 Ib./sq. in. This is probably a very generous estimate, but, since it is 
not difficult to obtain, it constitutes a very safe figure. 

The granulometric composition of the smaller than 50 » portion is of 
great importance, but nothing resembling a general. specification for this 
fraction can yet be given. It must, obviously, contain a sensible proportion 
of particles down to 1 yor smaller. However, it has not yet been possible 
to correlate the behaviour of clays with their particle size. This is not 
surprising in view of the complex nature of clay and the fact that clays have 
significant properties distinct from, and independent of, their granulo- 
metric composition. This point is made clear in Table I. 


Tasrz I. 

Soil A. Soil B. 

Smallerthan 2,. 1-44 1-64 

Larger than 2 xz. 5p. 0-44 3-88 

” ” 5 p. ” ” 20 Bp. 4-92 3-52 

” ” 20 we ” ” 50 B- 5-20 2-68 

” ” 50 om ” ” 200-mesh 8-40 4-56 

Load-bearing capacity at optimum water content . | 27 kgm./cm.’ | 105 kgm./cm.* 


These two soils are not very different from the point of view of their 
gradings, but, since their load-bearing capacities at optimum water content 
are so different, a simple expression of their grading cannot constitute a 
complete statement of their properties from this point of view. 

Gradings are carried out by a simple sedimentation process for particles 
smaller than 50 », both on the soil in its original state and after pretreatment 
to remove organic matter and to deflocculate it. The grading is completed 


by shaking on dry sieves. 


Load-Bearing Capacity. 

This is determined by means of the cone penetrometer. One such 
instrument is depicted in Fig. 2. It consists essentially of a rough, 90°, 
solid steel cone, mounted on a shaft capable of free movement in a 
vertical plane, and fitted with a device for measuring its downward 
movement. 

If a loaded rough cone be allowed to bear upon a consclidated soil surface, 
penetration will take place to a depth dependent on the angle-of the cone, 
the load upon it, and the resistance offered by the soil. 

At equilibrium the conditions could be imitated with a truncated cone. 
If the diameter, ab, of the truncated end were the same as that of the buried 
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cone at the line AB, the original surface of the soil, the cone would just not 
penetrate. 

Hence Cone Resistance (CR) = 


*(5) 


where W = the total load. 
If a right-angled cone is used :— 


W 


where d = depth of penetration. 
The manipulation details of the test are as follows :— 

The appropriate soil mixture, wetted to the desired water content, is 
consolidated in three layers in a circular steel mould 15 om. I.D. and 


» 


Fie. 3. 


12 cm. deep, by means of 25 blows from a 5-kgm. hammer falling freely 
through 30 cm. on to a steel plate 2 cm. thick, placed on the soil specimen. 
This method gives a degree of consolidation comparable with that obtained 
in practice. Consolidation by steady pressure is not satisfactory unless 
it is accompanied by vibration. 

The actual mixing process calls for some care. Reliably reproducible 
data can be produced only if the intermixing of the ingredients is thorough 
and the water is uniformly distributed. The admixture of clay and sand, 
unless they are mixed together as a slurry, is somewhat difficult. Hand- 
mixing is usually not effective. Any apparatus which provides a shearing 
or kneading action is suitable, and quite a number of mixers suitable for 
laboratory operation are available. 

In the laboratory in which this work has been carried out a “ Beken 
Duplex” mixer is used. This machine is of the twin opposed paddle 


CR=— 
na? 
| B 
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type. The swept volumes overlap, and one paddle-shaft travels at twice 
the speed of the other. 

A procedure sometimes adopted is to dry the ingredients, pulverize 
and mix them, and then to add water up to the desired water contents, 
but, in many cases, such a procedure involves undesirable errors. Some 
clays, on drying, suffer an irreversible change which impairs their re- 
inforeing properties. In such cases the maximum load-bearing capacity 
and the useful water-content range are reduced and the optimum water 
content is lowered. The load-bearing capacity curves should, therefore, 
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always be produced by mixing the ingredients in their original condition, 
due allowance being made for their water contents when proportioning. 

The tip of the cone is adjusted to scratch contact with the soil surface, 
and is locked. The appropriate load is placed on the cone-shaft platform, 
and the cone assembly is released. The penetration is measured correct 
to0-5 mm. Penetration is usually complete in less than 10 secs. 

Since there is an induction period during which the cone resistance rises, 
the actual penetration is not determined until 24 hours after preparation. 
There is no significant increase in the cone resistance after 24 hours. 

It is usual to prepare a series of five or six specimens containing different 
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amounts of water between 5 and 15 per cent. Thus the optimum water 
content for maximum cone resistance or load-bearing capacity is de- 
termined for a particular grading. 

Vig. 4 shows the type of curve which is obtained. ‘In this case the 
optimum water content is approximately 8 per cent., and the soil mixture 
has a load-bearing capacity exceeding 20 kgm. /om.* over the water content 
range of 55-10-65 per cent. 


9 10 11 12 13 «14 AD 
Water Content % wt. 


Fie. 5. 
DIAGRAM ILLUSTRATING EFFECT OF GRADING ON CONE RESISTANCE. 
1. Original soil. 
2. Plus 10% sand. 
3. Plus 20% sand. 
4. Plus 30% sand. 


Curves may then be prepared from other soil mixtures in order to obtain 
the optimum grading. 

In Fig. 5 it is shown that for this particular soil there is an overall in- 
crease in the load-bearing capacity with additions of sand up to 20 per cent., 
and that a further addition of sand produces a less stable mixture. 

The maximum cone resistance usually coincides, as in Figs. 4 and 5, 
with a water content of 7-8 per cent., a figure which is lower than that 
for maximum density by 4—5 per cent. 

The cone resistance is always carried out on specimens containing no 
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no binding quaatity, 
tributes n to the load-bearing capacity. As already wy 
essential function of the oil is merely to restrict, the capillaries of the 


load-bearing capacity is obtained is usually 5-12 per cent. to within about 
1 per cent. at either end, but the trend of the load-bearing capacity between 
these limits varies greatly as between different. soils. The reaction of the 
addition of sand on the maximum load-bearing capacity cannot be predicted. 
This is not to infer any mysterious properties for different soils. The 
complex nature of soil does not need any emphasis. Any aspect of the study 
of soil is, in the present state of our knowledge, fraught with anomalies, 
for which there is no satisfactory explanation. 
By way of illustration, two soils will be discussed in some detail. 


24 
5m 
20 
50 » 
00-mesh 
85 
36 


a 


The above gradings were carried out without pretreatment of the soils. 
In the following yradings the soils were treated to remove organic matter 
and to deflocculate the clay particles. 


Tastz III. 
Gradings by Sedimentation before and after Defleeculation. 


An Essex:soil. 


Before After 


soil 

The Behaviour of Different Soils. 4 

Figs. 4 and 5 must not be regarded as typical of soils in general. They Ps 
refer to only one soil. If soils have common properties they are manifest ‘3 
only on the broadest lines. The range of water contents at which useful e 
II. 

%: 

Smaller than . $6 #1 

” ” ” ” 20 . 12:3 8-8 

Passing 200-mesh . 15-5 10-4 
Retained 2 - 26-5 12-0 

” ” . . 2-5 18-8 
Before After 

treatment. | treatment. | treatment. | trea t. . 

Smaller than 24 . 3-6 15-1 4-1 8 
Larger than 24 
Smaller then 20a}: 13-4 19-0 18-5 23-4 
Smaller than 50 u os 
Total smaller than 50 . 30-0 50-4 41-8 
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The pretreatment process has, it will be seen, increased the amount of 
material smaller than 50 » by nearly 70 per cent. in the case of the Surrey 
soil, whilst the Essex soil has had its content of similar material increased 
by only about 30 per cent. 

The inference is that, in its original state, the Surrey soil is in the more 
flocculated condition. This presumably means that in this soil the pore 
spaces are larger in size and smaller in number. 


8 8 


J 


10 4 


4.5.6 7.28 ad ag 
Water Content % wt. 
Fre. 6. 


An increase in the pore size and a decrease in the number of pore spaces 
portend a decrease in the sum total of the capillary forces, and therefore 
a decrease in the cohesive strength. A decrease in the load-bearing capacity 
may therefore be expected. This expectation is amply fulfilled by the 
figures in Table IV, which were obtained on mixtures prepared from these 
soils. 

The load-bearing capacity of the Surrey soil is seen to be almost unaffected 
by changes in water content until the saturation point is approached. On 
the other hand, in the case of the Essex soil the correlation of the two factors 
follows a definite curve with a well defined maximum. 

Both these soils were top-soils, and the discussion of their differences 
has concerned only the constituents passing 200-mesh. It might be 
argued that the coarser fractions play their part, but similar differences 


Cone Resistance (load bearing capacity) Kgrms/cm2 


urrey Soil + 40% sand 
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Taste IV. 
Load-Bearing Capacity of Mixtures of 60 Per Cent. Soil and 40 Per Cent. Sand. 


Surrey soil. Essex soil. 


L.-B.C. Kgm. /em.* L.-B.C. Kgm./om.* 


7 8 9 10 11 12 13 1415 
Water Content % wt. 

Fra. 7. 
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. Original Soil. 

. Plus 10% Surrey Clay. 
. Plus 20% Surrey Clay. 
. Plus 10% L’shire Clay. 
. Plus 20% L’shire Clay. 


can be found where the coarse fractions are kept constant and different 
mixtures are produced by adding different clays to the same sand. 
Fig. 7 illustrates the result of adding first 10 per cent. and then 20 per cent. 


Water Content. 

1-4 27 6-3 33 

10-0 27 8-1 105 

11-4 27 10-8 30 

16-6 22 3 
100 
70 
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40 
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of each of two clays to the same sand. The gradings of the clays are given 
in Table V. 


Taste V. 


Gradings of Clay (not pretreated). 


In Fig. 7 it will be seen that 10 per cent. of the Lancashire clay produces 
a greater increase in the load-bearing capacity than does the 20 per cent. 
of the Surrey Clay. 

In this case the composition of the coarse fractions is constant and any 
difference must be attributed to the added fine fractions. 


Water Resistivity (Capillary Water Absorption Test). 

This test has been designed to examine, under conditions similar to those 
obtaining in practice, the ability of the treated soil to resist the absorption 
of water by capillarity. 

400 gms. of the soil mixture are mixed with 10 per cent. water and 
the appropriate amount of oil and consolidated in a 2-inch-diameter steel 


mould in the manner described for the preparation of specimens for cone 
resistance. A series of specimens are prepared containing 2, 3, 4, and 
5 per cent. of oil. After removal from the moulds the cylindrical surface 
is coated with paraffin wax to prevent the evaporation of water, and the 
specimens are weighed. They are then stored for one week in the humid 
atmosphere provided by a loosely covered vessel containing water which 
is not actually in contact with the specimens. During this period the 
specimens achieve a condition of equilibrium, and any change in weight 
is recorded by re-weighing. Normally they lose from 1 to 2 gms. of water. 
The specimens are then placed on a bed of wet sand bearing a surface 
excess of water a few mms. deep in a covered container. The specimens 
are weighed at intervals. 

Tentative maxima have been fixed for the amount of water absorbed as 
follows :— 

Water absorption after 2 weeks 15 gms. 
4 

The test has been continued for much longer periods in many cases. 
Normally the water absorbed by a satisfactory specimen is less than 
10 gms. in 4 weeks, and even after 6 months does not greatly exceed that 
figure. Specimens containing no oil absorb up to 20 gms. in 24 hours and 
collapse in about 48 hours. 

It is rare that the addition of oil in quantity greater than 3 per cent. 
weight is accompanied by a further increase in water resistivity. Frequently 
2 per cent. weight suffices to impart adequate water-resistant properties. 
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A Surrey A Lancashire 
clay. clay. 
%- 
Smaller than 5-5 29-2 
Larger than 5 » » 23-5 46-0 
” » »  200-mesh . 14-0 5-0 


In Fig. 8: specimen A is a cylinder of stabilizer soil before the C.W.A. 
test and specimen B a similar one after three months in contact with water. 


B has suffered no visible change. Specimen C, of soil containing no 
stabilizer, has collapsed after 36 hours in contact with water. 


Practical Trials. 

The process calls for no equipment which is not already available. The 
most important details concern the mixing and consolidation. Mixing 
must be thorough, in order to ensure the disintegration of the clay, if this 
has to be used, and the uniform distribution of the clay and the oil.. Double, 
opposed paddle-mixers have been found to be satisfactory. When using 
this type of plant the sand and clay are boxed into the delivery hopper 
from heaps alongside. The oil is added in the mixer, and with materials 
of water content in the neighbourhood of 15 per cent. the mixing time is 
of the order of 1-3 minutes per batch. 

If conditions are such that mixing is carried out at a moisture content 
within the desired range, spreading may be carried out straight away. 
If, however, the water content is above the permissible maximum, the mixed 
soil should be spread in a windrow until a desired moisture content is reached. 
Normally the process will involve the evaporation of only a little water and 
a small time delay. Any of the load-bearing-capacity/water-content 
curves presented illustrate the wide range of water contents over which 
consolidation may be performed. 

One trial carried out. during 1940 in this country warrants a full deserip- 
tion, since it has been an unqualified success, despite deficiencies in almost 
every phase of its preparation. 

The site was on old pasture land, and the soil a clayey silt some 10-15 
inches deep. The sub-soil was stiff yellow clay. The whole site is very 
badly drained, and the water-table is almost at ground level in the winter. 

The top 4 inches was discarded in order to eliminate vegetable matter asfar 
as was practical, and the next 6 inches was scarified. Owing to the demands 
of emergency work a double paddle-mixer was not available, and recourse 
had to be made to a small single shaft mixer. Very little disintegration 
occurs with this type of plant, and in order to compensate to some extent 
for this drawback the scarified soil was passed through a }-inch screen. 
Its moisture content was then approximately 9-0 per cent. Pit sand was 
added in the proportion of 60 per cent. soil and 40 per cent. sand, and 
3 per cent. of stabilizing oil was incorporated. The mixed material con- 
tained some 20 per cent. of unbroken nodules of soil completely covered with 
finer soil mixture, in which the oil was well distributed. These unbroken 
nodules occasioned some anxiety, but the view was taken that their number 
was such that in general, they would each be surrounded by oiled soil, 
and so would not constitute a real danger, a view that was justified in the 
light of subsequent observations. It was decided to lay the treated material 
to a consolidated depth of 6 inches and to consolidate in two layers of equal 
thickness. The first layer was spread as mixed, a procedure which provetl 
to be a technical error. The work was carried out in hot weather in July, 
and after 24 hours the moisture content had fallen to 4 ‘per cent., 3-0 per 
cent. below the optimum and |-0 per cent. below the minimum for desigh 


ion 
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load-bearing capacity. Attempts were made to remedy this defect by 
remixing with water, but such were the water-resistant properties of the 
treated soil that this proved to be impossible. Long-continued agitation 
in the mixer failed to achieve proper distribution of water, and efforts to 
spray the site with water and to rake it in availed nothing. As these 
efforts established that the soil obviously possessed excellent water-resisting 
properties, the work was continued. The material for the second layer 
was mixed at a higher water content (11 per cent.), and placed in heaps 
until sufficient for the whole layer had been prepared for laying. 

Rolling constituted the next departure from sound practice. Fine 
mixes such as these do not respond to compaction by the conventional 
type of rollers, which tend to produce, if they can be used at all, only a 
relatively thin consolidated surface layer, the bulk of the thickness benefiting 
not at all by the treatment. 

This type of work calls for the use of a “ sheep’s foot ” roller, or a roller 
comprising a number of pneumatic-tyred wheels mounted side by side on a 
single shaft. Such rollers produce adequate compaction by cutting through 
the loose layer and building up compacted material from the bottom 
upwards. 

Equipment of this type was not available, and such compaction as the 
site received was produced by a 2}-ton roller. The site was now sampled . 
in eight different places. The mean of the moisture-content determinations 
was 8-1 per cent. 

Cone-penetration tests carried out on the actual surface indicated the 
load-bearing capacity to be 17 kgms./cm.*, whereas according to pre- 
liminary laboratory tests it should have been 28. These figures indicate, 
in some measure, to what extent compaction had been deficient, but 
nevertheless the results have been very good. 

The site was sealed by the application of a sand carpet 1} inches thick. 

For the purpose of checking changes in water content, specimens have been 
cut from throughout the total treated thickness. The results are shown 


in Table VI. 
Tasre VI. 


SS Ww .0 


ess 


The weather had been unusually dry up to 10.9.40, when wet weather set 
in. Rain was almost continuous during the early part of November, 
but the water resistivity of the soil is well demonstrated by the figures 
shown. On one occasion, towards the end of November, when the site was 
sampled, the water content of the sub-soil immediately below the stabilized 
layer was 30-4 per cent., while that of the stabilized soil was 4-35 per cent. 


1 
Date. | Moisture content. 
| 
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The line of demarcation was perfectly sharp. On this occasion, within 
5 minutes of removing the sample core the hole was half filled with water 
which had seeped up from below. This indicated that the water table 
was above the bottom of the stabilized layer. 

It will be noted that the water content of the treated soil had actually 
fallen, and it may occasion surprise that while water can obviously escape 
from the stabilized soil, it does not re-enter the soil to any significant 
extent. 

When water is present in quantity insufficient to saturate, it can be 
removed only by virtue of evaporation—that is, in the vapour phase. 
But re-entry must be in the liquid phase, in which phase the water-repellant 
properties of the stabilized soil are adequate to reduce the rate of ingress 
t> an insignificant minimum. 

These results are particularly encouraging, since they were obtained 
in spite of conditions which, at one time, seemed likely to prejudice complete 
success. This should not be taken as licence to ignore the proper precautions 
to ensure good incorporation of the ingredients and optimum consolidation, 
but should serve as a reassurance that soil stabilization is a process which, 
when approached on sound, well-founded lines, has a promising future. 
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THE INSTITUTE OF PETROLEUM. 


ASPHALTIC BITUMEN GROUP. 
Tuzspay, Marou 18, 1941. 


J. 8. Jackson, Esq., in the Chair. 


A meetrne of the Asphaltic Bitumen Group was held at the Royal 
Society of Arts, John Adam Street, London, W.C.2, on Tuesday, 18th 
March, 1941, at 3 p.m., Mr. J. 8. Jackson occupying the Chair. 

The following papers were presented and discussed: “Soil Classifi- 
cation and its bearing on Soil Stabilization,” by A. H. D. Markwick, M.Sc., 
A.M.Inst.C.E., and “The Use of Bitumen in Soil Stabilization,” by H. 
Gardner, B.Sc., A.I.C. (see pages 313 and 329). 


Discussion. 


Tue CuArRMAN said that he would like to remind members that the group had been 
trying to tackle the subject of soil stabilization along logical lines. It was too broad a 
subject for any man to deal with in one paper, and a series of papers had therefore 
been arranged. They had had one dealing with past experience; Mr. Markwick had 
dealt with methods of testing, and Mr. Gardner with experiments with a new process. 

He was beginning to regret that at some stage a paper on sampling had not been 
arranged, because the problems connected with the proper sampling of soil were 
obviously considerable. Many of Mr. Markwick’s tests would be misleading if the 
sample were not thoroughly representative of the material on the site. The soil 
would naturally vary from place to place on the site and, moreover, the development 
of the site would probably produce further variations. Possibly at some future date 
someone would accumulate sufficient information to present a paper on the subject 
of systematic sampling. It seemed desirable that the soil should be taken at a certain 
moisture content, taken to the laboratory without change of moisture content and 
examined in that condition. This is important, since certain characteristics of the 
soil might be permanently altered by heat treatment. 

He would like to hear comments on Mr. Gardner's interesting observation that the 
optimum load-bearing capacity was usually obtained between water contents of 7 per 
cent. and 9 per cent. This observation was particularly interesting, since it did not 
seem to matter what variations there were in the grading or the nature of the soil. 

It seemed to him a pity that Mr. Gardner had not recorded fuller information con- 
cerning the Surrey and the Lancashire clays. It would be distinctly interesting to 
apply Mr. Markwick’s methods to those samples, since the results might possibly 
provide an explanation of their very different behaviour. 

Mr. Gardner said that in the water-absorption test the sample should not take up 
more than 15 grams of water. Could that figure be usefully expressed as a percentage 
of water calculated on that particular quantity of earth ? 

What was most striking about Mr. Gardner’s paper was that it was possible to take 
a soil and stabilize it with 3 per cent. of oil. That was a very remarkable statement, 
and certainly the experimental evidence seemed to support the view that the soil was 
really stabilized. A good deal of previous work had been done with relatively large 
percentages of oil, but it was felt that such propositions were not practical. Pre- 
sumably the small percentage of oil used in the process described by Mr. Gardner was 
due to the fact that the process depended on the plugging of capillaries and that no 
attempt was made to coat the particles of soil. 


Mr. C. F. Jackson was struck by the confusion which already existed in connection 
with the nomenclature of this subject. What was “ stabilization’’ and what was 
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‘soil’? Mr. Markwick, he thought, regarded all material on the surface of the earth 
as soil. He would like to ask him whether he had considered the definition of “ soil ”’ 
’ in, say, the Oxford Dictionary. Would he indicate how the term was to be defined ? 
It might be reasonable to consider all materials, including all aggregates used for roads, 
as soil, but he wondered whether such a definition was not rather wide. Mr, Gardner 
obviously restricted the term “ soil ’’ within much narrower limits. He did not know 
who the authorities were who should lay down the international nomenclature, or the 
nomenclature to be used in this country, but it seemed to him that it would be useful 
if that authority would decide what was “ soil.” 
On the question of the binder, the process described by Mr. Gardner consisted of 
the capillaries with oil, and not of binding the particles together, and the use 
of the term “ binder ’’ in the case of this particular process was really quite wrong. 
It seemed to him that clear, generally accepted definitions of such terms as “ soil,”’ 
stabilization,”’ and “‘ binder were essential. 


Mr. A. H. D. Marxwicx replied that on the question of definitions, it was very 
largely a matter of opinion, but he and others had adopted the definition that “‘ soil ’’ 
included all materials which had disintegrated from rocks. It was easier to make the 
term “‘ soil’’ cover all the superficial deposits, and then classify these into gravels, 
boulders, and so on, although he quite agreed that to classify boulders as soil seemed 
to be “‘ drawing the long bow.’’ The definition which he had given, however, was one 

used in soil mechanics. 

The question of the “ binder ” raised a difficulty, because in the case of the eand- 
clay roads that were built in the United States the clay was referred to as # “ binder.” 
That was probably correct, because the clay was there to give cohesion, and in the same 
way in a sand mix the bituminous “ binder ’’ was there to give cohesion. In the pro- 
cess described by Mr. Gardner it was the clay that gave the cohesion, as he understood 
it, and the oil was merely a waterproofing agent. 


Mr. H. GarpNEr said that the water was the binder and no other binder was necessary 
in this process; he hoped that he had made it clear that the stabilizer was not a 


“* binder ’’ in any sense of the word. It must not act as a “ binder,” because if it did 
it would at least partly wet the soil particles and disturb or displace the capillary water 
film. All the laboratory work, except the capillary water-absorption test, was done on 
specimens containing no oil at all, but on specimens containing water only. The 
addition of the stabilizer did not affect the load-bearing capacity at all. 


THe CHAIRMAN asked what Mr. Gardner’s binder was—the clay or the water or 
both ? 


Mr. GarpNER replied that in the case of the clay particles the binder was the 
‘* bound ”’ water film, contributing a cohesive effect; so that in the case of the coarser 
particles, the silt, it was the “ free ’’ water film adhering to the surface of the particles 
and giving rise to capillary forces. The coarser material gave frictional resistance to 
movement by virtue of the angular character of the soil particles. 


Mr. C. F. Jackson remarked that Mr. Markwick—quite legitimately, he thought— 

all materials which tended somehow or other to give a surface which would 

take a load as examples of stabilization; in other words, whether bitumen was used. to 

produce macadam, or asphalt or cement was used to produce concrete, the resulting 
products would all be regarded by him as examples of stabilization. 

stabilization ? 

His point was that in Mr. Markwick’s definition of stabilization—which he was not 
criticizing—the “‘ stabilizer ’’ might or might not be acting as a “ binder.”’ If the 
** coating ’’ of sand with an oil constituted stabilization, the term “‘ stabilization "’ was: 
immediately put on a much broader basis than Mr. Gardner suggested. On the 
other hand, the method of obtaining stabilization described by Mr. Gardner did not 
include the use of a binder, but eo should he say, a * plugger ”’ but Mr. Gardner* 

i certain amount 
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Mr. Marxwicx replied that in “ soil stabilization” soil must obviously be the 
principal constituent, and a product based on crushed rock would not be regarded as an 
example of ‘ soil stabilization,” since such aggregate was a manufactured product. 


Mr. GarpNeEr said that he seemed to have been misunderstood. When he defined 
soil stabilization he was not attempting a complete definition; he was delimiting the 
discussion by defining one aspect of soil stabilization with which they were concerned 
that afternoon. There were many other different processes which were nevertheless 
soil stabilization, in that they enabled soil to do a better job. If one injected a fine 
bituminous emulsion into the deep sub-soil underneath a bridge pier, one was stabilizing 
the soil, in that the soil was enabled to do its job better, or to do it over a greater range 
of adverse conditions, and he suggested that from that point of view it was soil stabiliza- 
tion; but he could not deal with the whole of a very wide subject on such an occasion 
as the present one, and he had defined soil stabilization in somewhat narrow terms for 
the purpose of the discussion. 


GENERAL Wace said that Mr. Markwick had mentioned a number of tests to which 
he submitted soil, but only one of those tests, as far as he remembered, had been 
taken up by Mr. Gardner, and that was the test for the grading of the soil. All the 
other tests, of plasticity and liquid limit and so on, did not seem to him to lead any- 
where; he could not gather that they led anywhere. He had read a number of papers 
in which all sorts of wonderful formule were given, with liquid limit results and plastic 
limit results and so on, but when one looked to see how much binder to put in one 
was told “‘ take 3 per cent.,’’ and all those formule were just forgotten. Mr. Gardner 
was admittedly aiming at getting stabilization of the soil with one particular product 
by one particular process, but he had a very simple system of testing; he first got his 

ing, and then the load-bearing capacity, and he obtained his answer. Mr. Mark- 
wick had not touched on the load-bearing-capacity test. If such tests as the plastic 
limit and the liquid limit and so on were necessary, how was it that Mr. Gardner 
obtained such an excellent answer without any regard to them at all? 


Mr. Marxkwick said that the answer was that as a rule they did not do all the tests. 
The tests that were most commonly used were the liquid and plastic limits tests; 
and, as he explained when showing the slides, they had a very intimate relation to the 
mechanical analyses. They were really another way of telling exactly the same story, 
but the mechanical analyses were troublesome to do and were time-consuming whereas 
the index tests could be done much more quickly and easily. 

If the American Public Roads Administration classification were used, other tests 
had to be done when there was doubt as to the group to which a soil belonged; 
but the liquid and plastic limits and the difference between them, which was known 
as the plasticity index, told most of the story about the soil. They told how much 
water was necessary to get it into a really liquid state, and that really indicated the 
amount of colloids, 


Tue CHarrman asked whether that knowledge could be translated into practice. 
Did it help to indicate how much binder or stabilizer had to be added ? 


Mr. Marxwick replied that it did. With regard to the graded mix type, the grading 
of the soils within certain limits had to be obtained, and the clay that was added as a 
binder had to be of a certain quality, which followed directly from these tests. With 
regard to the other types of stabilization, first of all whether the soil was suitable at 
all for stabilization depended on the amount of material finer than 200 mesh, The 
liquid limit was obtained entirely for that purpose. The formule which he had 
quoted for determining the amount of bituminous binder, depended on the grading; 
so much was added for the amount passing the 200-mesh sieve, so much for the 
amount passing the 7-mesh sieve, and so on. 


Mr. Mrroxe.t asked whether the difference between Mr. Markwick and Mr. Gardner 
was not that Mr. Markwick was looking at the matter from the American standpoint, 
where soil stabilization was probably carried out with dry soil, as against Mr. yy ety 
treatment of wet soil. 


| 
] 
] 
1 
] 


DISCUSSION. 347 


Mr. Marxwicx replied that that was not so; the American processes of bituminous 
stabilization were done very wet, and, as he saw it, it was the merit of the process 
described by Mr. Gardner that he got over the serious difficulties met with when the 
wet process had been tried in this country, by doing it very dry. Any soil when it was 
sufficiently wet was extremely soft, and the water had to be got rid of before it would 
bear any load. The only way of doing that was evaporation, so that one relied on a 
hot summer; but if water was not put in, it did not have to be got rid of, which was 
very much better, if a satisfactory mix could be obtained. 


Mrz. Hore said that Mr. Gardner had been privileged to have a very fine summer. 
That was a very limiting factor to soil stabilization in this country. He would like 
to ask Mr. Gardner a little more about this stabilizer. He spoke of “ oil,’’ but “ oil ”’ 
covered a wide field. He would like him to give an illustration of the type of petroleum 
apes which was suitable for use with these damp crusts or soils. He did not ask for 

i He would also like to ask Mr. Gardner what his experience was as to 
aggregates already carrying about-8 per cent. of moisture and added a fairly glutinous, 
golden-syrup-like binder—or, in Mr. Gardner’s case, stabilizer—his experience had 
been that the wear factor was appreciably increased, to an extent which would make it 
interesting to know whether Mr. Gardner had any observations to make on the modi- 
fications of standard plant suitable for the mixing of these crusts which were taken for 
stabilization. 

Mr. Garpnep, dealing first with the question of plant, said that undoubtedly there 
was more wear with the sandy mixtures on the conventional plant than there was with 
coarse aggregates, and he did not see how that could be avoided; but so far this 
amount of wear had not caused any catastrophic results. For the past 12 months 
sand mixes had been made on a conventional plant, and he was not aware that that 
had caused any plant failure. 

He said that the oil used was a petroleum residual treated so that it would not 
“wet ’’ wet sand or wet soil particles, and further treated so that when in position 
in the capillaries it became rigid. He believed that it could be regarded as some- 
what revolutionary; at any rate the conception of not adding a binder at all was 
revolutionary. j 

Dealing with the Chairman’s remarks about the capillary water-absorption test, 
on the average cylinder the maximum amount of water, 20 grams, was about 5 per 
cent. on the cylinder, but an expression of that increase in weight as a percentage was 

ing. It was impossible to make all those cylinders up to the same weight. 
If the water were evenly distributed throughout the cylinder it could be safely expressed 
as @ percentage, but there was a falling off in the proportion of water from the bottom 
to the top of the cylinder, and therefore it was probable that a cylinder of half the 
height might absorb just as much water, and that would double the percentage. It 
was therefore expressed as the total weight absorbed by the cylinder. 

Mr. Ketty remarked that he was interested in the impact instrument which had 
been shown, and which seemed to show quite remarkable fluctuations in the load- 
bearing capacity. Could the peak curve be brought down with the Bentonitic clay ? 


Mr, GarpNeEr replied that the peak could be altered by grading, but grading and 
water content were interdependent, and in general one could not be altered without 
altering the other. If the grading was altered, a different load-bearing capacity, and 
probably a different useful water-content range would be obtained. In general, the 
finer the materials the lower was the lowest water content at which they could be 
consolidated at all. Coarse materials had short useful water-content ranges, but 
finer ones had longer ones. 

Mr. Gardner added that he had had very limited experience of bentonites. They 
had many qualities which were not found in ordinary, naturally-occurring soil clays ; 
thixotropy, of course, was the principal property of bentonite, which, while it was 
present in an ordinary clay, was not present to any significant degree, especially over 
the significant water-content ranges. 


On the motion of the Chairman, a vote of thanks was accorded to the 
two authors for their excellent papers, and the proceedings then terminated. 


MEANS OF IMPROVING IGNITION QUALITY 
OF DIESEL FUELS.* 


By E. M. Nyoaarp, G. 8. and H. G. 


SumMMARY. 


The increasing use of high-speed diesel engines demands fuels of improved 
ignition quality. The majority of straight-run fuels, excepting those derived 
from highly aromatic or naphthenic crudes, possess an adequate ignition 


quality for present-day requirements. However, the increasing demand for 
high anti-knock fuels for gasoline e may utilize anes. proportions of 
these stocks in cracking processes. is, coupled with growing markets for 


diesel fuels of high ignition quality, may necessitate the utilization of stocks 
of as poor ignition quality as 25 cetane number in the production of diesel 
fuels. 

The refiner has at the present time two distinct problems in order to 
— diesel fuels of satisfactory ignition quality: one is the —_ 
ls of poor ignition quality (about 25 cetane number) to 50 cetane num 
the other is ie i increasing of fuel of slightly sub-standard ignition quality 
(40-49 cetane number) to 50 cetane number. A third poubions may arise, 
due either to competition or engine demand—that of producing premium 
fuels of higher than 50 cetane number. The eae and last of these 
problems may be solved by the use of small amounts of materials added 
to the fuels to improve their ignition quality. The problem of raising a 

25-cetane-number fuel to 50 cetane number is comparable to rais' 
24-5-octane-number gasoline to 68 octane number with tetraethy] lead. “Tie 
procedure would be both impracticable and uneconomical with either gasoline 
or diesel fuel. 4 


Since the problem of raising a 25-cet fuel to a minimum 


uirement of 50 cetane number cannot be solved practically nor economic- 
ally by the use of fuel additives alone, solvent treating, or a combination of 
solvent treating and utilization of fuel additives, may be a happier, but still 
costly, solution to the problem. 


INTRODUCTION. 


THE increasing use of high-speed diesel engines demands fuels of improved 
ignition quality, and the ever-widening market for fuels of higher octane 
number for automobile and airplane engines requires gasolines of superior 
anti-knock quality. The fuel characteristics demanded by the two types 
of engines are by nature opposed to each other. As a result, any cracking 
process designed to produce fuels of high octane number would tend to 
yield diesel fuels of poor ignition quality. A brief comparison of the com- 
bustion processes in the gasoline and diesel engine will clarify this point. 

In the gasoline engine the fuel and air are mixed, compressed in the 
cylinder, and ignited by means of a spark. Efficient burning of the fuel 
to yield the maximum power and smooth performance depends on the 
progressive burning of the fuel-air mixture from the point of ignition 
to the extremities of the combustion chamber. Spontaneous ignition of 
the charge ahead of the flame-front produces knock, with consequent 
loss of power, overheating of the motor, and inferior performance. 

On the other hand, in the diesel cycle the air to support combustion is 
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first compressed in the cylinder, and into this hot compressed gas the fuel 
is injected. Smooth performance here depends on immediate, spontaneous 
ignition of the fuel as it is injected, otherwise a large proportion of the fuel 
ignites at once, resulting in a too-rapid rise in pressure. This causes 
rough running, overheating of the motor, and excessive peak pressures. 
From the very nature of the two combustion processes it can be seen 
that the types of hydrocarbons possessing high ignition temperatures, 
such as unsaturates, aromatics, cyclo-paraffins, and highly branched 
paraffins, which are best suited for high-quality gasoline, are undesirable 
constituents for diesel-engine fuels. Straight-chain paraffins possessing 
relatively low ignition temperatures operate much better in diesel engines. 
It is a well-known fact that straight-run products contain hydrocarbons 
of the type best suited to perform well in the diesel engine, whereas crack- 
ing processes diminish the concentration of these compounds and increase 
the proportion of hydrocarbons ill-suited for use in this type of engine. 


GENERAL DIscUSSION OF PROBLEM. 


As long as sufficient quantities of straight-run products can be diverted 
from cracking processes to meet the requirements of diesel engines, there 
should be little difficulty in supplying fuels of adequate ignition quality, 
but if the supply of those products becomes inadequate the situation 
would be altered. Even straight-run products originating from highly 
aromatic and/or naphthenic crudes do not meet the ignition-quality 
requirements of modern high-speed diesel engines. If, therefore, the time 
should come when both gasoline and diesel fuels must be derived from 

ing operations, other means must be employed to provide diesel 
fuels of adequate ignition quality. It should be pointed out that a limited 
number of selected charging stocks in spite of yielding motor fuels of high 
octane number also produce diesel fuels of satisfactory ignition quality. 
There are, however, many more cracking stocks which produce diesel 
fuels of inferior ignition quality. This latter class of fuels must be im- 
proved in this respect by some means, such as blending with straight-run 
fuels of superior ignition quality, solvent treating, hydrogenation, or 
resorting to the use of additives. The latter are substances which are 
added to the fuel to improve its ignition quality or, less frequently, are 
added to the inducted air to accomplish the same result. In anticipation 
of possible future demands for premium-quality diesel fuel, the problem 
of preparing such fuels from fuels of a good ignition quality by similar 
means to those listed above must be considered. 

The ignition quality of a diesel fuel is usually expressed in terms of its 
cetane number, just as octane numbers are used to designate the anti- 
knock properties of gasoline. Cetane numbers are determined according 
to the method given in A.S.7.M. Proc., 1938, 38, I, 392. Various other 
methods of determining ignition quality have been proposed. Most of 
these methods, such as the diesel index, viscosity-gravity constant, etc., 
may be calculated from physical constants and are applicable only to 
straight hydrocarbon mixtures. However, in the last analysis the behaviour 
of the fuel in a diesel engine is the deciding factor in determining its 
suitability as a fuel. 
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Thus far the ignition quality of a diesel fuel has been defined solely in 
terms of its cetane number. In order properly to relate this number to 
the combustion process in the diesel engine, it will be necessary to examine 
the latter in more detail. According to Ricardo, the combustion process 
in a diesel engine takes place in three distinct phases. The first is a delay 
period, during which fuel is admitted to the combustion chamber but 
practically no ignition takes place. During the second phase ignition 
takes place and the accumulated fuel burns rapidly, giving a sharp pressure 
rise. In the third phase the fuel burns as it enters the cylinder from the 
injection nozzle. During the delay period the pressure in the cylinder 
follows the compression line, during the second stage there is a rapid un- 
controlled pressure rise as the accumulated fuel burns, and in the third 
stage there is a gradual pressure rise controlled by the rate of fuel injection. 
It is readily seen that the duration of the delay period, which determines 
the cetane number of a fuel, is an important factor in the smooth operation 
of a diesel engine. In cases where the delay period is extremely long, a 
large portion or all of the fuel may enter the combustion chamber before 
ignition occurs. Once combustion starts, it will spread throughout the 
chamber, resulting in a rapid pressure rise and excessive maximum pressure, 
which will be evidenced by the phenomena known as knocking and rough 
running. The delay period may even be so long that misfiring occurs. 
This is due to the air-fuel mixture being cooled below its ignition point 
during the expansion stroke of the piston. With a short delay period 
only a minor portion of the fuel enters the combustion space before ignition 
takes place. This results in a less rapid rise in pressure, followed by a 
smooth supply of power during the final stage of the combustion. A short 
delay period is particularly necessary for high-speed engines in which the 
crank-angle change for any given delay period (measured in milliseconds) 
is greater than for engines of lower speed. This condition enables more 
unburned fuel to accumulate in the cylinder of a high-speed engine prior 
to ignition, with the above-mentioned ill effects on its performance. There- 
fore, high-speed engines are likely to be more critical of ignition quality 
than those of lower speed. 

Since the ignition quality of diesel fuels is one of the refiners’ chief 
concerns, it is well to inquire still further into the relation between the 
injection period and the delay period and to what extent the latter can be 
reduced. Table I is given to show for specified engine speeds and com- 
pression ratios the relation between cetane number and delay, the latter 
expressed in degrees crank angle and in milliseconds. It can be inferred 
from Nos. 1, 2, 5, 10, and 11 (Table I) that in an engine similar to the 
C.F.R. testing engine operating at 900 r.p.m. the delay period cannot be 
reduced below a value of approximately 1 millisecond, the equivalent of 
4-5° crank angle. Even at extremely high compression ratios (Nos. 10 
and 11), which would favour a short delay period, it will be noted that the 
delay period is still 0-9 and 0-93 milliseconds for fuels of 100 and 55 cetane 
numbers, respectively. From these data it would appear that nothing 
is to be gained by utilizing fuels above 55 cetane number to decrease the 
duration of the delay period in this engine. It should be pointed out, 
however, that at higher speeds, and under load, there is evidence that the 
delay period can be reduced below the 1 millisecond minimum at 900 r.p.m. 
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Taste I. 


Relation between Cetane Number and Delay Period at Various Engine Speeds and 
Compression Ratios. 


period. injection.” 
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(see Table I, No.9). In fact, depending on the type of combustion chamber 
and load conditions, the delay period in degrees crank angle may increase 
with speed, remain practically constant or diminish (see Fig. 1, reproduced 
from P. M. Heldt’s “ High-Speed Diesel Engines,” 3rd edition, page 40). 
The inconsistency in these results is seen to be more apparent than real 
when it is remembered that the delay period is influenced primarily by 
the conditions of the air charge (temperature, pressure and turbulence), 
and that these factors in turn are determined by the design of the com- 
bustion chamber and the operating conditions of the engine with respect 
to load and speed. It is highly probable that for a given engine operating 
at a given speed there is a minimum delay period which cannot be reduced 
further by any alteration in chemical properties of the fuel. This may be 
due in part to a physical delay period, corresponding to the time required 
for the injected fuel to mix with the air charge. 

In most diesel-engine cycles the duration of the injection period is any- 
where from 10 up to 30 crank-angle degrees. This means that at 900 
r.p.m. with a minimum delay of 5 crank-angle degrees that between one- 
fifth and one-half of the fuel would be injected before ignition would occur. 
It would appear, therefore, that engines utilizing the shorter injection 
periods would be quite critical of the ignition quality of fuels, 


MoprFicaTiIon oF QuaALITIES OF DrgsEL FuELs CHEMICAL 
ADDITIVES. 


In the practical utilization of ignition accelerators in the preparation 
of diesel fuels having the desired ignition quality, the petroleum refiner 
is presented with three rather distinct problems. These depend on the 
types of stocks that are available and the type of fuel it is desired to prepare. 
Thus the stocks available may consist of (1) straight-run stocks of adequate 
ignition quality (50 cetane number or better) ; (2) straight-run or cracked 
stocks of slightly substandard ignition quality (40-49) ; and (3) cracked 
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stocks of low ignition quality (as low as 25 cetane number). The present- 
day specification requires 50-cetane-number fuels, but future demands 
may require fuels of somewhat higher ignition quality. Thus the three 
problems presented are (1) the preparation of 50-cetane-number fuels 
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from substandard stocks—.e., those requiring an improvement of 10 cetane 
numbers or less ; (2) the preparation of 50-cetane-number fuels from low- 
ignition-quality cracked fuels—i.e., those requiring an improvement of 
up to 25 cetane numbers ; and (3) the preparation of premium fuels from 
stocks of good ignition quality—i.e., those requiring an improvement of 
10-15 cetane numbers. 

The first and third of these problems may be capable of practical solution 
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additives; however, the second case would require 

about 5 per cent. of even the best ignition accelerators known. This 
problem can probably best be solved by blending the low-ignition-quality 
stock with fuels of high ignition quality, or by solvent extraction. The 
improbability of finding any material which is sufficiently effective to be 
used economically to raise the ignition quality of a 25-cetane-number 
fuel to 50 cetane number becomes more apparent when it is considered 
that such a change would correspond to raising the anti-knock quality of 
a gasoline from 24-5 octane number to 68-5 octane number, which is a 
change far too great to be accomplished by even as effective a fuel additive 
as tetraethy] lead. 

At this point it may be of interest to make a comparison of the relative 
efficacies of the best ignition accelerators with that of tetraethyl lead. 
Although the methods by which we may make this comparison seem to 
involve some difficulties and some unsubstantiated assumptions, it is 
possible to make a reasonable comparison, which indicates that the 
efficiencies of the two types of combustion modifiers are not substantially 
different. Two of these methods will be considered here. The first 
involves the comparison of the effectiveness of ignition accelerators in 
improving the ignition quality of a diesel fuel with that of tetraethyl 
lead in decreasing the ignition quality. The second method consists of 
comparing the effectiveness of the best ignition accelerators in diesel fuel 
with that of the tetraethyl lead in gasoline under conditions similar to 
those at which the latter is normally used—.e., at comparable concentra- 
tions and for comparable changes in ignition quality. 

The first method is probably the simplest to use. However, it does 
involve the assumption that the effect of tetraethyl lead on the combustion 
of fuels in the diesel cycle-engine is the same as its effect on the combustion 
of gasoline in the Otto cycle-engine. The following table shows that the 
effectiveness of the two types of materials is substantially the same. The 
concentrations used are somewhat higher than those at which tetraethyl 
lead is usually used (1 c.c. T.E.L. gal. = approx. 0-2 lb./bbl.) ; however, 
the test of tetraethyl lead at 0-36 lb./bbl. concentration in diesel fuel gave 
an indeterminate result. 


Taste II. 
Effectiveness (H) * of Tetraethyl Lead Compared with Thionitrites ¢ at Several 
Concentrations. 


E at 3-6 
Ib. /bbl. 


A E at 0-9 EZ at 1-8 
Material added. Ib. /bbl. Ib. /bbl. 


Tetraethyl lead . -| —146 —11-4 —11-4 
Amy] thionitrite . 15-06 7-53+ 3-77+ 
tert.-Butyl thionitrite . . . ‘ 15-06 7-53 3-77 


+ See Table V. 
t In these cases the cetane numbers of the blends were too high to be evaluated 


under the conditions of the test. 


In the second method it is necessary to use some means of conversion 
of ignition characteristics expressed in octane numbers to cetane numbers 
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or vice versa. For this purpose a chart (see Fig. 2) is used which shows 
the relationship between the octane- and cetane-number scales. The average 
slope of this curve is 1-5 octane numbers per cetane number—i.e., change 
of ignition quality of 1 cetane number corresponds to a change of ap- 
proximately 1-5 cetane numbers. By making this conversion it is then 
possible to calculate the effectiveness factor for tetraethyl lead in the 
same manner as used for the comparison of ignition accelerators. 

For the purposes of this comparison, two types of application of ethyl 
fluid are considered : first, the use of tetraethyl lead for ethylizing base 
fuels to make premium-grade gasoline; second, the addition of various 
quantities of tetraethyl lead to catalytically cracked gasoline. For the 
first application nine base fuels ethylized to make 76-0-octane-number 
gasoline were investigated. The amount of tetraethyl lead needed to 
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reach the required anti-knock quality was determined for each fuel. In 
order to get a more general figure, the results for the various fuels have 
been averaged, and are given in Table III. For the second application 
the data from numerous tests made in this laboratory on various samples 
of catalytically cracked gasoline are used. The average values of anti- 
knock rating obtained by the addition of 1, 2, and 3 c.c. of tetraethyl 
lead per gallon are given in Table III. 

It will be noted that the change in cetane number in the case of stocks 
used to make premium-grade gasoline is approximately eight cetane 
numbers. To get this degree of improvement in a diesel fuel would require 
approximately 0-1 per cent. by weight of thionitrites (see Table V) which 
have an effectiveness at this concentration of 20-9, which is practically 
the same as that of tetraethyl lead. In the case of the catalytically 
cracked gasoline tests using 1 c.c. T.E.L./gal. (= approx. 0-06 per cent. 
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Taste Iil. 
Effectiveness of Tetraethyl Lead in Gasoline. 


quate ae Octane number. Cetane number. 


C.c./gal. | Lb./bbl. | Original. | Final. | Original.| Final. 


Base fuels for 
le . |214408 0-39 63-9 + 65 76-0 28 
10 0-18 77-7411 18-8 
” 2-0 0-36 77:7 18-8 
” ” 3-0 0°55 77-7 18-8 


85-3 + 1:8 
88-1 + 1:3 
90-0 + 2-6 


* EF = Change in cetane number/concentration in Ib./bbl. 


by weight), we have no data on the effectiveness of the thionitrites at this 
concentration. It may readily be seen, however, that the values for the 
effectiveness of 2 c.c. T.E.L./gal. are entirely comparable with those 
obtained on the stocks used for making premium-grade gasoline. With 
the effectiveness of tetraethyl lead at a concentration of 3 c.c./gal. (0-55 
Ib./bbl.) in catalytically cracked gasoline (7 = — 17-9) we may compare 
the effectiveness of ethyl thionitrite at 0-72 lb./bbl. (Z = 15-3) and that of 
amyl and ¢ert.-butyl thionitrites at 0-9 Ib. /bbl. (7 = 15-06). 

Thus it may be seen that where ignition accelerators are used in comparable 
concentrations or to obtain comparable effects, there is no marked difference 
between their effectiveness and that of tetraethyl lead as used in gasoline. 

The two types of combustion modifiers may also be compared on the 
basis of the cost for unit effect. In Table IV the estimated cost of several 


Taste IV. 
Comparative Costs of Combustion Modifiers. 


Addition agent. Cetane number. 


Blend. 


Tetraethyl lead 


- | Ethy! thionitrite 
tert.- Buty] thio- 
nitrite 


on the basis of 0-25 cents/c.c. 

cost estimated br a commercial supplier if the material is used in large quantities. 
terials cost estimated from cost of mercaptan. 
= Cetane number change divided by concentration in Ib./bbl. 
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of the best ignition accelerators are compared with that of tetraethyl 
lead. In Part A the costs are calculated on the prices of the additives 
when bought in commercial quantities. In Part B the costs for materials 
not at present available in commercial quantities are compared with that 
of tetraethyl lead, all based’on prices of the materials purchasable in small 
quantities from a supplier of reagent chemicals. It is highly probable 
that some of these prices could be reduced considerably if a sufficient 
market were presented, just as has happened in the case of tetraethyl 
lead, which was a chemical curiosity prior to the discovery of its effective- 
ness a8 an anti-knock agent. 

In Table V the most effective ignition accelerators are arranged in order 
of their effectiveness at a concentration of 0-5 per cent. by weight in 
straight-run diesel fuels. This information is taken from our own experi- 
mental data and that appearing in the patent literature. The materials 
are tabulated on the basis of the value of the effectiveness factor at 0-5 
per cent. (Z 0-5). represents the cetane-number increase per Ib. per 
barrel of ignition accelerator, an dis obtained by dividing the cetane- 
number increase by the concentration of the addition agent in Ib./bbl. 
For example, for a material which gave a 5-cetane-number rise at a con- 
centration of 0-33 lb./bbl., the value of Z would be 15. From the value 
of E, the cost per bbl. per cetane-number increase can be readily obtained 
by dividing the cost of the addition agent by the effectiveness factor (2). 
The subscripts indicate the concentration of the addition agent for which 
the value of Z is calculated. The value of Z is not a true constant for a 
given material, but is dependent on various other factors, particularly 
the concentration in which it is ysed and the type of fuel to which it is 
added. In general, the value of Z is higher at low concentrations, and also 
in straight-run paraffinic fuels. It may be noted here that the combustion 
of cyclic fuels is harder to modify by addition agents in diesel fuels, just 
as they are harder to modify in gasolines. In the table, wherever available, 
data are given for several concentrations and different types of fuels. 
However, for the purpose of classification, the values obtained at 0-5 per 
cent. by weight in straight-run fuels are used. In some cases data are 
not available at 0-5 per cent.; here the value of Z,, has been estimated 
from data at 0-5-1-0 per cent. In these cases the value of Z,, is given in 
parentheses. The table also includes references to pertinent patents and 
the cetane number increase obtained at 0-5 per cent. 

In the table heading is given the concentration of ignition accelerator 
in Ib. per barrel corresponding to the concentration in weight per cent. 
indicated by the value of 2. The actual improvement in cetane number 
corresponding to a value of Z is obtained by multiplying Z by the con- 
centration in lb. per barrel. 

Apart from its property of improving the cetane number (decreasing 
the delay period) of a diesel fuel, an additive, to be of practical value, 
should possess the following characteristics: it should be relatively in- 
soluble in water and chemically stable in the presence of the same, since 
it is common practice to store fuels in contact with water. It should be 
sufficiently soluble in the fuel to obtain concentrations up to 5 or 10 per 
cent. by weight. Even greater solubility is desirable if the additive is 
to be marketed in the form of a concentrate in fuel oil. 
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The additive should be stable in the fuel towards variations in storage 
temperature. It should not cause the formation of a sediment or sludge— 
factors which might cause depreciation of the cetane number of the fuel 
and fouling or clogging of the injection equipment of the engine. 

The additive initially as well as on combustion of the fuel should not 
yield any products which are corrosive to the engine parts with which 
they come in contact. The additive should also be non-toxic and, above 
all, it should be economical in its manufacture and use. 

The relationships between the effectiveness (Z) and the cost of the 
material used as an ignition accelerator and the resulting cost per bbl. 
per cetane-number increase are shown in Fig. 3. Z is plotted as ordinates 
and the cost of the compound in cents per lb. as abscissa. The lines 


250 


ay BLA; 
Y 


radiating from the origin are lines of equal cost per bbl. per cetane-number 
increase. If the value of Z for a particular compound and its cost per 
Ib. are known, the cost per unit of improvement can be estimated. Con- 
versely, if the value of Z for a proposed ignition accelerator is known and 
the maximum allowable cost for increasing the ignition quality of the fuel 
is known, then the maximum price which may be paid for the compound 
may be estimated. (Locate the point on the line corresponding to the 
maximum allowable cost in cents per bbl. per cetane-number increase 
corresponding to the value of Z and read the maximum cost per Ib. corre- 
sponding to this point.) 

Of the various materials on which we have information, the most effec- 
tive are the thionitrites. In straight-run fuels these materials give a 
cetane-number rise of 10 to more than 13-5 at 0-5 per cent. concentration. 
These materials are prepared from the interaction of mercaptans and 
nitrous acid or its derivatives. 
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Chloropicrin gives an increase of approximately 10 cetane numbers 
at 0-5 per cent. concentration. This material is also used as an emetic 
war gas, so that its use in fuel might present some difficulties. 

Alkyl nitrates and nitrites have been known for some time as effective 
addition agents for diesel fuels. Amyl nitrite and amyl nitrate were the 
most effective of those tested. These gave an ignition-quality improve- 
ment of approximately 9 cetane numbers at 0-5 per cent. concentration. 
Ethyl and butyl nitrates were somewhat less effective. 

Peroxides have about the same effect on ignition quality of diesel fuels 
as the alkyl nitrites and nitrates. The most effective ones are acetyl 
peroxide, tetralin peroxide, acetone peroxide, and propionyl peroxide. 
These materials are hazardous to prepare and handle in the free state, 
but some may be prepared directly in the fuel, in which case the blends 
are comparatively stable. Fuels containing acetyl peroxide, although 
stable in the absence of water, rapidly hydrolyze when stored over water. 

Tetranitromethane improved the ignition qualities of straight-run 
fuels by 7 cetane numbers. This is then somewhat less effective than 
trichloronitromethane (chloropicrin). 

Another type of compound that shows considerable effectiveness in 
improving the ignition quality of diesel fuels is the aryldiazo-derivatives 
of amines. The effectiveness of these compounds seems to parallel their 
instability. The quite stable triazenes (diazo-amino-compounds) which 
are formed from the condensation of a diazonium halide with an amine 
have a moderate effectiveness (about 1-9-3-1) as ignition accelerators. 
The pentazdienes (bisdiazoamino-compounds), which are more unstable 
and hazardous to handle in the pure state, range in effectiveness from 
about 2-8 to 3-4. 

An inexpensive and fairly effective ignition accelerator is elementary 
sulphur. This has an effectiveness of 4-18 at 0-5 per cent. (cetane-number 
improvement = 7-5). It was found to be particularly effective in* 
catalytically cracked fuels. Its practical use is hampered by (1) fuel 
specifications limiting total sulphur content of fuels, (2) relatively low 
solubility in the fuels, and (3) possible corrosive action of it or its com- 
bustion products on engine parts. 

A relatively broad class of fairly effective ignition accelerators consists 
6f compounds containing nitrogen and sulphur linked together. The 
thionitrites (R-SNO) are members of this class which have already been 
mentioned. Others in order of effectiveness are: (1) dialkylamine di- 
sulphides (R,N-S-S-NR,), (2) nitrogen sulphide (N,S,), (3) alkyl nitrogen 
sulphides (RN,S,), (4) thiamines ((RNS),). The amine disulphides and 
thiamines are readily prepared by the action of chlorides of sulphur on 
secondary and primary amines. Nitrogen sulphur is a somewhat ex- 
plosive material having low solubility in fuels; the alkyl derivatives are 
made from it. 

In general, the organic di- and poly-sulphides improve the ignition 
quality of diesel fuels. The most effective types tested were those prepared 
from mercaptans by sweetening in the presence of sulphur. Other effec- 
tive materials are hydrocarbon tetrasulphides, xanthic disulphides, hydro- 
gen persulphides, dibenzyl disulphide, alkyl disulphides, and aminoary] 
disulphides. 

Other materials which have an effectiveness of more than 2-5 at 4 per 
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cent. concentration—i.e., gave more than a 3-5-cetane-number increase— 
are nitrosotriacetone amine, and a combination of ethyl nitrate and benzyl 
bromide. 

SoLventT TREATING. 


The ignition quality of diesel fuels may also be improved by various 
types of treatment. Since an increase in the paraffinicity of the fuel 
will tend to improve its cetane number, it is to be expected that methods 
which are successful in the refining of lubricating oil will be applicable 
to the enhancement of the ignition quality of diesel fuels. A definite 
parallelism is found to exist, and the most useful treatments for diesel 
fuels are solvent treatment and treatment with aluminium chloride. 

In order to compare the economic value of such treats with one another 
and with the use of fuel additives, an effectiveness factor (Z,) has been 
calculated for the various treatments. It is obtained as indicated in the 
following equation : 

mii %, Yield (by vol.) x (C.N. of raffinate — C.N. of base fuel) 
100 


Thus in the treatment of a 50-5-cetane-number fuel with aluminium chloride 
a 78 per cent. yield of a 58-0-cetane-number fuel was obtained, in this case 
E, = 78 (58-0 — 50-5)/100 
= 5-95 

In determining the comparative costs of treatments, the cost per bbl. 
per cetane-number increase may be readily obtained by dividing the 
treating cost per barrel by Z,. For example, if a solvent treat with sulphur 
dioxide costs 67-5 cents per bbl. and has an effectiveness of 13-3, the cost 
per cetane-number increase will be 5-05 cents per bbl., or 0-1 cents per gal. 
In the accompanying table (Table V1) are given data on several types 
-of treatments of several types of diesel fuels. In Part A of the table are 


Taste VI. 
Solvent Treating of Diesel Fuels. 


Cetane number. 


r- - | Change. 


A. Straight-run Stocks. 


Mid-continent Aluminium chloride 
Ethyl alcohol extrac- 


Type fuel treated. Treating agent. 
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Acetone extraction 
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listed treatments of several straight-run stocks, and in Part B are listed 
treatments of a cracked stock. 

Where large increases in ignition quality are required for making diesel 
fuels, the most economical method appears to be the use of solvent treat- 
ing or a combination of solvent treating with the addition of small quantities 
of fuel additives. In order to raise a 25-cetane-number cracked fuel to 50 
cetane number, 5 per cent. of amyl nitrate would be required (£,., = 1-25). 
At a cost of 10 cents per lb. for amyl nitrate, this would cost 8 cents per 
bbl. per cetane-number increase or $2-00 per bbl. for the desired improve- 
ment. By solvent treating with sulphur dioxide (assuming 2, = 13-3 
and the cost of treating as 67-5 cents per bbl., see Table VI, B, No. 12) the 
cost would be 5-05 cents per bbl. per cetane-number increase or $1.28 per 
bbl. for the desired improvement. 

Appended is a list of United States and foreign patents corrected ‘to 
lst September, 1940. It embraces all materials that have been patented 
for addition to diesel fuels to improve their ignition quality, but does not 
include refining operations which improve ignition quality, unless specific 
claim is made for their use as addition agents. For example, patents 
on solvent treating have been omitted as being outside the scope of this 
survey, except for a few patents on the preparation of high-ignition-quality 
blending stocks by the Edeleanu process. Beside the patent numbers 
are given the treatment or material added, patentee or assignee, and the 
date the patent was issued. 


United 
States 
Patents. 


Treatment or material added. 


Patentee or 
assignee. 


Date 
issued, 


928,803 | Picrate or aromatic hydrocarbon alone | G. B. Selden. 20.7.09 
or with a peroxide. 
1,423,048 | Alcohol, ether, ester, ketone, and com- | U.S. Industrial Al- | 18.7.22 
binations thereof. hol Co, 
1,423,049 | Ester of organic acid, alcohol, ether, ~ - 18.7.22 


1,423,050 


1,493,874 
1,534,573 


1,558,967 


1,766,501 


1,800,997 


1,813,882 


ketone, and combinations thereof. 


Aromatic hydrocarbon and/or aromatic 
nitro-hydrocarbon. 


Acetone. 


Ether plus a compound containing a 
non-hydroxypheny] radical or a metal- 
lic phenyl compound. 


Compound of a hydrocarbon radical and 
a metal, specifically mentions dibenzy] 
diselenide. 

Organic peroxide (e.g., benzoyl peroxide) 
also per salts, 

Peroxide and amido-derivative. 

Slaked lime, rosin, formaldehyde, am- 


monia, turpentine, followed by con- 
tact with air. 


18.7,.22 


21.4.25 


27.10.25 


24.6.30 


14.4.31 
7.7.31 


| 
j 
F. Hostettler. 13.5.24 
J. F. P. de La | 7 2 
Riboisiere, 
C, A. Buerk, 
C, J. Greenstreet. 
H. Behm. 
| 
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United 
States 
Patents. 


Treatment or material added. 


Patentee 
assignee. 


1,820,983 


1,849,051 


1,916,735 


2,009,818 


2,011,297 


2,028,308 


2,031,497 


2,034,643 


2,054,628 


2,065,588 


2,066,506 


2,093,008 
2,107,059 


2,115,275 


Nitro-paraffins or alky] nitrites. 


Primer and another compound (e.g., 
ethyl nitrate and at least one other 
compound having the property of 
spontaneously igniting in the air). 


Manganese soap, alone or with a hydro- 
carbon solvent. 


Compound having the type formula 
#>N-N=0, where R and R, are 
aliphatic radicals. 


Tetraline peroxide. 


Fluid aliphatic hydrocarbon containi 
more than two carbon atoms an 
having more than one multiple carbon 
bond (e.g., diacetylene). 


Nitrates of the mixture of open-branched 
chain aliphatic monohydric alcohols 
obtained by the catalytic hydrogena- 
tion of carbon monoxide and having 
at least four carbon atoms and con- 
taining isobutyl alcohol. 


Compound of the general formula 
R-S-S-S-S-R, in which R_ is 
a hydrocarbon radical; also a 
compound of the general formula 
R-S-S-S-S-R’, in which R is an 
alkyl radical and R’ an ary! radical. 


Ethy!] nitrate and an oxygenated organic 
compound of copper. 


A primer selected from the class con- 
sisting of the lower alkyl nitrates and 
nitrites and a second primer consisting 
of benzyl bromide. 


Nitrate of an aliphatic polyhydric 
alcohol. 


Dialky] peroxide (e.g., diethyl peroxide). 


Acetone peroxide alone and acetone per- 
oxide plus a substance selected from 
the group consisting of tetraline, per- 
oxide, nitrogen cc esters of 
nitric or nitrous acid. 


One or more compounds selected from 
the group consisting of triazoacetone, 
triazoethanol, 
triazoethyltriazo acetate, and 1 : 2- 
diazidoethane. 


ethyltriazo formate, | 


Standard Oil De- 
velopment Co. 

ial Chemical 

ustries, Ltd. 


Im 


E. I. du Pont de 
Nemours & Co. 


Shell Development 
Co. 


I. G. Farbenin- 
dustrie Aktien- 
gesellschaft. 


E. I. du Pont de 
Nemours & Co. 


The Texas Co. 


Imperial Chemical 
Industries, Ltd. 


E. I. du Pont de 
Nemours & Co. 


A. C, G. Egerton. 
Shell Development 
Co, 


Date 
issued. 
8.3.32 
2 
13.8.35 
21.1.36 2 
2 
17.3.36 
| 2 
2, 
2, 
14.9.37 
1.2.38 
2, 
2, 
Socony-Vacuum 26.4.38 2, 
| Oil Co., Ine. 
| 
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United 
States 
Patents. 


Treatment or material added. 


2,125,875 
2,136,455 


2,136,456 


2,137,410 
2,146,265 


2,158,050 
2,164,151 


2,167,345 


2,169,186 


2,174,680 
2,177,719 
2,178,327 
2,184,440 


2,185,157 


2,188,262 
2,200,260 


2,205,126 


Paraffin wax and a pour-point depressor. 


Compound having the probable formula 
=N-R, in which R re- 
presents an aryl radical or a sub- 
stituted aryl radical and R’ and R” 
represent hydrocarbon radicals or the 
hydrocarbon portion of a heterocyclic 
radical containing a nitrogen atom. 


Sulphurized terpene. 
Ozone containing gas. 


A pentyl nitrate or mixture thereof. 
Bis(aminoary])disulphide. 


A mercaptan or mercaptans which have 
subsequently been sweetened in the 
presence of sulphur; also includes 
mercaptans fixed by spent caustic 
wash liquors from the washing of sour 
raw petroleum distillates and which 
are mer sweetened in the 
presence of sulphur and the fuel. 


An organic compound having the gen- 
eral formula RSNX,, in which R is a 
radical selected from the group con- 
sisting of alkyl and aryl radicals, X 
is an element selected from the group 
consisting of oxygen and sulphur and 
n is a whole number having a value 
not greater than two. 


Acetyl peroxide prepared in oil. 

Bis(dialkylaminedi)sulphide. 

Dipropiony] peroxide. 

Treatment of fuel oil of high sulphur 
content with sodium plumbite solu- 
tion and a large excess of sulphur. 


Substituted pentazdiene. 


1 poly: ides prepared and dis- 
solved in a hydrocarbon solvent. 


Socony-Vacuum 
Oil Co., Ine. 


Union Oil Co. of 
California. 


E. V. Bereslavsky. 


Socony-Vacuum 
Oil Co., Ine. 


Socony- Vacuum 
Oil bo., Ine. 


Standard Oil Co. 
of Indiana. 


22.11.38 
7.2.39 


16.5.39 
27.6.39 


25.7.39 


3.10.39 


31.10.39 


31.10.39 


26.12.39 


26.12.39 


23.1.40 
40.5.40 


18.6.40 


Patentee or Date 
Standard Oil Co. 9.8.38 
Diazo-aminobenzene. 15.11.38 
| 
Socony-Vacuum 
Oil Co., Ine. 
The Texas Co. 
Standard Oil Co. | 
of Indiana. 
Oil Co., Ine. 
Chloropicrin, Standard Oil Co. 
of California. 
Standard Oil Co. | 
of Indiana, 
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United 
States Treatment or material added. Patentee or _ Date 
assignee. issued. 


Patent 


2,206,594 | Hydrogen persulphides alone or with | Socony-Vacuum 2.7.40 
‘ elementary sulphur. Oil Co., Inc. 
British 
Patents. 


174,712 | Camphor, naphthalene, benzene, methyl | Steele and Clifton. | 22.11.20 
alcohol, ammonia, turpentine, ether, 
and sulphur. 


15.5.24 


Acetylene, ammonia, or other gaseous 


238,299 
hydrocarbons. 


243,357 | Ether plus a compound containing a 18.11.24 


non-hydroxypheny] radical or a metal- 
lic phenyl compound. 


247,797 | Compound of a hydrocarbon radical and | _,, ” 15.12.24 
a metal, specifically mentions dibenzyl 
diselenide. 


Primers which will explode below the 
ignition temperature of 
the oil (e.g., nitrous and nitric esters, 
chlorates, acetylenic compounds, 
superoxides). 


294,129 


Menz et al. 


Tetralin, sulphonated castor oil, water 


331,966 
containing sulphite lye. 


352,550 | Methyl or ethyl! nitrate in the air charge | Helmore. 13.2.30 
with or without other addition agents 
(e.g., benzoyl peroxide, picric acid, 
etc.). 


354,398 | Two or more primers consisting of an % 13.2.30 
igniting primer (e.g., ethyl or methyl 
nitrate) and an exploding primer con- 
sisting of benzoyl peroxide, picric 
acid, and trinitrotoluene. 


358,484 | An explosive such as nitroglycerine, | Compagnia Itali- | 5.7.30 
nitroguanidine, nitrocellulose, ete., ana §8.1.8.A. 
emulsified in vegetable oil. 


374,481 | Alkyl nitrate containing from two to | Imperial Chemical | 13.6.32 
four carbon atoms. Industries, Ltd. 


375,525 | Ethyl alcohol. Rutzbeck. 30.6.32 


$76,286 | Alcohol, ethyl acetate, acetone, acetyl- | Wolff & Co. 6.7.32 
ene plus ozonization. 


379,725 | Activator consisting of a nitro-compound | 8.E.B.I. 29.8.32 
and an hydrazo- or diazo-compound. 


381,941 | Sulphur dioxide raffinate or sulphur | Edeleanu. 10.10.32 
dioxide refining. 


399,150 | Diolefinic or acetylenic compounds (e.g., | I. G. Farbenind. 26.9.33 
diacetylene, butadiene). 


403,124 | Aliphatic diketone or aromatic diketone | Imperial Chemical | 15.12.33 
(e.g., acetyl acetone, benzoyl acetone). Industries. 
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Treatment or material added. 


Patentee or 
assignee. 


405,658 


421,928 


428,972 
429,763 


434,109 


443,562 
461,320 
461,671 


491,648 


523,143 


523,522 


French 


Patents. 


705,958 


710,496 
717,817 


718,688 


730,208 


746,116 


757,326 


Two primers consisting of (a) an alkyl 
nitrate containing two to four carbon 
atoms, (b) an organic bromine com- 
pound or an oxygenated copper com- 
pound. 


A non-explosive, non-aromatic hetero- 
cyclic nitroso com (e.g., nitroso- 
triacetone amine). 


One or more organic peroxides. 


Acetone peroxide. 

Non-aromatic organic compound con- 
taining an oxime group. 

Water emulsified in oil a or without 
boron compounds and 

Dialkyl peroxide (e.g., diethyl peroxide). 

Nitroxyl ethylene halohydrin. 


Furfural with or without benzene, 
benzine, alcohols, etc. 


Nitration of fuel. 


Organic compound containing a thio- 
carboxylic acid radical. 

Soluble organic salt or an organo-metal- 
lic constituent selected from the class 


consisting of barium, mercury, arsenic, 
antimony, and bismuth. 


Alcohol, acetone, ethyl acetate, acetyl- 
ene plus ozonization. 


Colloidal carbon with or without (limon). 


Activator consisting of nitro-compound 
and a hydrazo- or diazo-compound, 


Sulphur dioxide raffinate or sulphur di- 
oxide refining. 


Alkyl nitrate containing from two to 
four carbon atoms. 


Diolefinic or acetylenic compound (e.g., 
diacetylene, butadiene). 


Two primers consisting of (a) an alkyl 
nitrate containing two to four carbon 
atoms, (6) an organic bromine com- 
pound or an oxygenated copper com- 
pound. 


Development 


E. I. du Pont de 
Nemours & Co. 


Leroy. 
8.E.B.1. 


Edeleanu. 

Chemical 
ndustries, Ltd. 

I. G. Farbenind. 


Imperi 
ndustries, Ltd. 


2.1.35 


22.5.35 
6.6.35 


27.8.35 


2.3.36 
10.2.37 
17.2.37 


5.9.38 


5.7.40 


16.7.40 


20.11.30 


21.1.31 
27.5.31 


15.6.31 


20.1.32 


23.5.33 


23.12.33 
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French 
Patents. 


Treatment or material added. assignee. 


Patentee or 


764,721 


812,649 


817,379 


$21,211 
828,861 


German 
Patents. 
518,232 


564,899 


573,211 


611,968 
612,073 


617,492 


651,771 


Canadian 
Patents. 
346,022 
355,519 
384,497 


Nitrogen sulphide. 


Aldehydes, 
pounds, 


Nitration of fuel. 


ketones, and nitro-com- | Weber. 


A pentyl] nitrate or mixture thereof. Bereslavsky. 
Polymerized isobutylene. I. G. Farbenind. 


Iron carbonyl with aldehyde, ketones, | I. G. Farbenind. 
ete. 


Two or more primers consisting of an | Helmore. 


igniting primer (e.g., ethyl or methyl 
nitrate) and an exploding primer con- 
sisting of benzoy] peroxide, picric acid 
and trinitrotoluene. 


Sulphur dioxide raffinate or sulphur di- | Edeleanu. 


oxide re 


Colloidal active carbon with furfurol. 


Classen. 


Auto-oxidizable substance, partial oxi- | Hagemann. 


dation products, or lead soap. 
Acetone peroxide. 


Sulphur dioxide raffinate. 


Tetralin peroxide. Hoch. 


Acetone peroxide. ” ” 


A pentyl nitrate or mixtures thereof. Bereslavsky. 


Shell Development | 26.5.34 
Co 


Standard Oil De- | 1.9.37 
velopment Co. 


Shell Development | 20.8.35 
Co. 


Shell Development | 13.11.34 
Co. 


10.4.35 
15.4.35 


19.10.37 


21.1.36 
10.10.39 


Socony- Vacuum Oil Company, Incorporated, 
General Laboratories, 


Research and Development Division, 


Paulsboro, N.J. 


Ricardo, “‘ The High Speed Internal Combustion Engine,” 1931, p. 401. 
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